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Herpes simplex viruses (HSV) were the first of the 
human herpesviruses to be discovered and are among the 
most intensively investigated of all viruses. Their attrac- 
tions are their biologic properties, particularly their abil- 
ities to cause a variety of infections, to remain latent in 
their host for life, and to be reactivated to cause lesions 
at or near the site of initial infection. They serve as mod- 
els and tools for the study of translocation of proteins, 
synaptic connections in the nervous system, membrane 
structure, gene regulation, and a myriad of other biolog- 
ic problems, both general to viruses and specific to HSV 
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. . . paradoxically it is much easier for people to adapt the ob- 
served facts dialectically to the ruling paradigm than to re- 
nounce the ruling paradigm in response to possible new in- 
terpretations of the facts. 

Carlo M. Cipolla in Miasmas and Disease. Public Health 
and the Environment in the Pre-Industrial Age. p. 6. Yale 
University Press, 1992. 
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For years, their size and complexity served as formidable 
obstacles to intensive research. More than 40 years passed 
from the time of their isolation until Schneweiss (597) 
demonstrated that there were in fact two serotypes, HSV- 
1 and HSV-2, whose formal designations under Interna- 
tional Conference for Taxonomy of Viruses (ICTV): rules 
are now human herpesviruses 1 and 2 (556). Not until 1961 
were practical plaque assays published (564), and only 
much later were the genome sizes and the extent of ho- 
mology between these two viruses reported. This chapter 
recounts well established facts, but its main emphasis is 
on burning issues, the problems whose time has come. 

Virology conserves three myths. The first is that re- 
search on a virus reaches its peak when the number of in- 
vestigators approaches the number of nucleotides in its 
genome. This formula calls for 152,000+ investigators, 
one for each base pair (309,402). In orders of magnitude, 
we are close but not yet there. There are times when we 
think almost that many bodies will be needed to unravel 
all the mysteries of these viruses. The second myth is that 
virologists repeat the same experiment over and over again. 
As with all myths, there may be a grain of truth here. In 
wading through the mass of papers published in the past 
decade, it was instructive to see how many times the same 
phenomenon was published or rediscovered time and time 
again under the same or different name. 

Lastly, the oft-made statement that science simplifies 
knowledge is patently a myth. The falsehood of this premise 
is attested by this chapter. What should have been a sim- 
ple update of the chapter published in the second edition 
of Fields Virology unraveled complexities far beyond our 
expectations. 



VIRION STRUCTURE 

The HSV virion consists of four elements: (i) an elec- 
tron-opaque core, (ii) an icosadeltahedral capsid surround- 
ing the core, (iii) an amorphous tegument surrounding the 
capsid, and (iv) an outer envelope exhibiting spikes on its 
surface (557). 

The dry masses of herpes simplex virions, full nucleo- 
capsids, empty nucleocapsids, and cores were calculated 
from permeability of virions to electrons to be 13.33 ± 2.56 
X 10" l6 g, 7.55 ±1.11 X 10 16 g, 5.22 ± 1.10 X 10" 16 g, 
and 2.07 ±0.95 X 10' 16 g, respectively (350). The average 
mass ratios of the virion, full capsid, and core to DNA are 
8.1, 4.6, and 1.25, respectively. The experimentally derived 
ratio of virus mass to DNA is 10.73 ± 0.96, from which it 
has been calculated that the virion contains 19.4 X 10~ 16 g 
of protein (242). A similar value was derived from counts 
of virions in purified virus preparations (R. W. Honess and 
B. Roizman, unpublished data), although the error in the 
these determinations was higher. This ratio was used in the 
calculation of the polypeptide content of HSV virions by 
Heine et al. (242). 



Virion Polypeptides 

Early studies on purified HSV-1 virions suggested that 
they contain 30+ proteins designated as virion polypep- 
tides (VP) and given serial numbers (242,643). All of the 
virion proteins were made after infection, and no host pro- 
teins could be detected in purified virion preparations. Of 
the approximately 30 known and another ten suspected 
virion proteins (Table 1), at least 9 are on the surface of 
the virion (accessible to antibody) and at least ten are gly- 
cosylated. The glycoproteins are gB (VP7 and VP8.5), gC 
(VP8), gD (VP 17 and VP 18) and gE (VP12.3 and VP12.6), 
gG, gH, gl, gK, gL, and gM. Another small glycoprotein, 
given the designation gJ, was predicted by DNA sequence 
analyses. Virion envelopes also contain at least two (U L 20 
and U L 34) and possibly more (U L 24 and U L 43??) nongly- 
cosylated intrinsic membrane proteins. Stannard et al. (653) 
reported that spikes projecting from envelopes are, as was 
expected, the viral glycoproteins, and that the latter were 
nonrandomly distributed. 

Gibson and Roizman (2 13,2 1 5) described three kinds of 
capsids, i.e., those that lack DNA and were never enveloped 
(type A), those that contain DNA and were never enveloped 
(type B), and those that contain DNA and were obtained 
by deenveloping intact virions (type C). In the current 
nomenclature, the term A capsid refers to capsids without 
an internal toroidal structure which is thought to act as 
scaffolding for packaging of DNA, those with scaffolding 
but without DNA are designated as B capsids, and those 
with DNA have been designated as the C capsids (Fig. 1). 

The empty (A) capsids consist of four proteins, i.e., VP5 
(U L 19), VP19C (U L 38), VP23 (U L 38), and a smaller M r 




FIG. 1. This section of a nucleus of a Vero cell culture har- 
vested 18 hr postinfection with HSV-1 (F). A: Empty capsids 
devoid of scaffolding protein. B: Capsids containing internal 
proteins arranged as a ring and presumed to be the scaffold- 
ing proteins. C: Capsids containing DNA. 
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TABLE 1 . Herpes simplex virus genes, their products, and their functions 







Dispensable 




Function of Gene Product 






for 






Gene or 




Replication 


Regulation: 




Transcriptional 


Designation 


in Cell 


Kinetic 




Unit 


of Protein 


Culture 


Group 





7,34.5 ICP34.5 Y 7, Deletion mutants fail to replicate in central nervous system of 

mice. In human cells in culture, the 7,34.5" viruses fail to 
preclude programmed cell death initiated by complete 
cessation of viral protein synthesis. Carboxyl terminus 
homologous to the corresponding domain of the GADD34 
and MyD1 16 proteins. 

ORF P ORF P Y ?? Open reading frame is antisense to 7,34.5. The gene is 

expressed under conditions in which ICP4 is nonfunctional. 

ORF O ORF O Y ? Open reading frame partially antisense to the 7,34.5 gene. The 

protein is expressed under conditions in which ICP4 is not 
functional. 

otO ICPO Y a Nucleotidylylated, phosphoprotein, promiscuous frans-activator 

of genes introduced by transfection or infection; optimal 
activity requires presence of ICP4. Deletion mutants 
debilitated with respect to replication at low multiplicities of 
infection. 

U L 1 gL N 7 Forms complex with gH. Complex required for transport of both 

proteins to plasma membrane and for viral entry mediated by 
gH. Contains syn locus. 

U L 2 Y p Uracil DNA glycosylase. 

U L 3 Y Unknown Unknown function. Identified in HSV-2 as a nuclear 

phosphoprotein. Protein has nuclear localization signal and is 
unglycosylated. Reported to localize to perinuclear region 
early and to the nucleus late in infection. 

U L 4 Y 7 2 Identified three protein species: the M r 60k species is found in 

virions and light particles (19). 

U L 5 N p Forms complex with U L 8 and U L 52 proteins. 

U L 6 N Unknown Virion protein; required for DNA cleavage-packaging. 

U L 7 N Unknown Unknown. 

U L 8 N p Forms complex with U L 5 and U L 52, acts as a primase and 

expresses helicase activity in the presence of U L 9 protein. 

Stabilizes interaction between primers and DNA template. 
U L 9 N 7(?) Binds to origins of DNA synthesis in sequence-specific (origin) 

fashion; carries out helicase and ATPase activities. 
U L 10 gM Y 7 Glycoprotein present in virions and plasma membranes. 

U L 1 1 Y 7(?) Myristylated protein; necessary for efficient capsid envelopment 

and exocytosis. 

U L 1 2 Y |3 Alkaline exonuclease (DNAse)— involved in viral nucleic acid 

metabolism; reported to localize in nucleoli and in virally 
induced nuclear dense bodies and to bind to a sequence 
along with other unidentified proteins. Complex may be 
involved in cleavage-packaging of viral DNA. 

U L 1 3 Y 7 Nuclear protein suspected of being a protein kinase; required 

for phosphorylation of ICP22, VHS. 

U L 14 N Unknown Unknown. 

U L 1 5 N 7 ts mutant DNA+. Two exons; protein required for packaging of 

DNA. 

U L 1 6 Y Unknown Located within intron of U L 1 5. 

U L 1 7 N 7 Located within intron of U L 1 5. 

U L 18 VP23 N 7 Capsid protein required for capsid formation and cleavage- 

packaging of replicated viral DNA. 
U L 19 VP5, ICP5 N 7, Major capsid protein. 

U L 20 Y 7 Intrinsic membrane protein necessary for viral exocytosis, 

particularly in cells in which the Golgi apparatus is 
fragmented and dispersed. 

U L 20.5 U L 20.5 Y 7, Unknown. 

U L 21 Y Unknown Nucleotidylylated phosphoprotein; unknown function. 

U L 22 gH N y 2 Forms complex with gL (see above). Appears to play a role in 

entry, egress, and cell-cell spread. 
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TABLE 1. Continued. 



Dispensable Function of Gene Product 

for 

Gene or Replication Regulation: 

Transcriptional Designation in Cell Kinetic 
Unit of Protein Culture Group 



U L 23 
U L 24 
U L 25 

U L 26 



ICP36 



U L 26.5 



U.27 



U L 28 
U L 29 



U L 30 

U L 31 

U L 32 
U L 33 

U L 34 

U L 35 
U L 36 



U L 37 

U L 38 
U L 39 



U L 40 
U L 41 



U L 42 

U L 43 
U L 44 

U L 45 
U L 46 



ICP35 



gB, VP7 



ICP18.5 
ICP8 



VP26 
ICP1-2 



ICP32 

VP19C 
ICP6 

VHS 



gC, VP8 
VP11/12 



Y 
Y 
N 

N 



P 

y 

7 



N 



N 



N 
N 



N 

N 

N 
N 

N 

N 
N 



N 

N 
Y 



Y 
Y 



Y 
Y 

Y 
Y 



7i 



7 
P 



P 

7 2 
7 2 

Unknown 
Unknown 

7 2 
7 2 



7 2 
P 

P 

7 



Unknown 

7 2 

7 2 
7 



Thymidine kinase, more properly a nucleoside kinase. 
syn~ locus; membrane-associated protein? 
Virion protein reported to be required for cleavage-packaging of 
viral DNA. 

Serine protease; substrates are U L 26 protein and U L 26.5 (ICP35 
capsid proteins)— VP21, VP22a, and VP24 capsid proteins 
are all products of the self-cleavage of U L 26; VP21 suggested 
to be C-terminal portion of U L 26 after cleavage release of 
VP24. VP24 contains protease domain from N-terminal 
portion of U L 26. 

Substrate of U L 26 protease; the precursor, ICP35b,c is cleaved 
to ICP35e,f. The protein is unique to B capsids and forms its 
inner core or scaffolding. On packaging of DNA, VP22A is 
removed from capsid shell. 

Glycoprotein forms a dimer and induces neutralizing antibody. 
Required for viral entry. A syn locus maps to the carboxyl 
terminus. 

M r 87- to 95-k protein required for DNA cleavage-packaging. 

Binds singled-stranded DNA cooperatively, required for viral 
DNA replication. Mutants are DNA - . Expression of early and 
late genes may be affected positively or negatively by the 
function of ICP8. ICP8 binds to single-stranded DNA and 
facilitates renaturation of complementary strands of DNA, 
homologous pairing, and strand transfer. 

DNA polymerase; forms complex with C-terminal 247 amino 
acids of U L 42 protein. 

Nucleotidylylated phosphoprotein, cofractionates with nuclear 
matrix. 

ts mutant is deficient in DNA packaging. 
DNA packaging; necessary for assembly of capsids containing 
DNA. 

Abundant nonglycosylated, membrane-associatad, virion 

protein phosphorylated by protein kinase U s 3. 
Basic phosphorylated capsid protein. 

Virion tegument phosphoprotein. In cells infected with ts mutant 
at nonpermissive temperatures, DNA is not released from 
capsids at nuclear pores. Reported to form complex with M f 
140k protein that binds a sequence DNA. May be involved in 
cleavage and/or packaging of newly synthesized viral DNA. 

Cytoplasmic phosphoprotein; in presence of ICP8, it is 
transported to nucleus and associates with DNA, but 
phosphorylation is not dependent on ICP8. 

Capsid assembly protein, binds DNA, and may be involved in 
anchoring DNA in the capsid. 

Large subunit of ribonucleotide reductase. Autophosphorylates 
via unique N-terminus but does not transphosphorylate. HSV- 
2 homolog can be transphosphorylated. 

Small subunit of ribonucleotide reductase. 

Causes nonspecific degradation of mRNA and shut off of 
macromolecular synthesis after infection. Exists as two 
phosphorylated species with M r of 58 and 59.5 k. 

Double-stranded DNA-binding protein, binds to and increases 
processivity of DNA polymerase. 

Amino acid sequence predicts membrane-associated protein. 

Glycoprotein involved in cell attachment; required for 
attachment to the apical surface of polarized MDCK cells. 

Encodes a M r 18k protein of unknown function. 

Tegument phosphoprotein reported to modulate the activity of 
U L 48 (cxTIF) protein. 
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Dispensable Function of Gene Product 

for 

Gene or Replication Regulation: 

Transcriptional Designation in Cell Kinetic 
Unit of Protein Culture Group 



U L 47 
U L 48 

U L 49 

U L 49.5 

U L 50 

U L 51 

U L 52 

U L 53 

U L 54 



U L 55 
U L 56 
a4 



U c 1 



U s 1.5 

U s 2 
U s 3 
U s 4 

U s 5 
U s 6 

U s 7 



U c 8 



U s 8.5 
U s 9 
U s 10 
U.11 



U s 12 
OrLTU 



LATU 



VP13/14 

VP16, 
ICP25, 
otTIF 



gK 

a27, ICP27 



ICP4 



a22, ICP22 



U s 1.5 



gJ(?) 
go 

VP17/18,gl 

gE 



a47, ICP47 
Ori s RNA 

LATs 



Y 
N 

N 

N 
Y 
Y 
N 
N 

N 



Y 
Y 
N 



7 2 
7 



Y 
Y 
Y 

Y 
N 



Y 
Y 
Y 
Y 



Y 
Y 



P 

7 

P 

7 



Unknown 
Unknown 



Unknown 

P 

7 

Unknown 

7, 



13 or 7, 

Unknown 

Unknown 

7 2 



a 
7 2 



Nucleotidylylated tegument phosphoprotein reported to 

modulate the activity of U L 48 (aTlF) protein. 
Tegument protein, induces a genes by interacting with host 

proteins, including Oct-1 . The complex binds to specific 

sequences with the consensus 

GyATGnTAATGArATTCyTTGnGGG-NC. 
Nucleotidylylated mono(ADP-ribosyl)ated tegument 

phosphoprotein. 
Sequence predicts a M r 12k membrane-associated protein. 
dUTPase. 
Unknown. 

Component of the helicase/primase complex. 
Glycoprotein required for efficient viral exocytosis; contains syn 
locus. 

Nucleotidylylated, multifunctional regulatory protein required for 
late gene expression. The protein negatively regulates early 
genes. It was reported to cause the redistribution-of snRNPs 
and to inhibit RNA splicing. 

Unknown. 

Nuclear, virion-associated protein of unknown function. 

Nucleotidylylated, poly(ADP-ribosyl)ated, phosphoprotein 
regulates positively most 6 and 7 genes and negatively itself, 
OFRF-P and the aO genes, it binds to DNA in sequence- 
specific fashion. 

Nucleotidylylated regulatory protein, phosphorylated by U L 13 
protein kinase, required for optimal expression of ICPO and of 
a subset of 7 proteins. 

Gene 31 coterminal with U s 1. Not required for optimal 
expression of otO or late (7) genes. 

Unknown. 

Protein kinase; major substrate is U L 34 protein. 
Glycoprotein involved in entry, egress, and spread from cell to 
cell. 

Sequence predicts glycoprotein. 

Glycoprotein required for postattachment entry of virus into 
cells. 

gl and gE glycoproteins form complex for transport to plasma 
membrane and also to constitute a high-affinity Fc receptor, 
gl is required for basolateral spread of virus in polarized cells. 

Fc receptor; involved in basolateral spread of virus in polarized 
cells. 

Unknown. 

Tegument protein. 

Tegument protein. 

Abundant virion tegument protein binds to U L 34 mRNA in 
sequence and conformation specific fashion and acts as an 
antiattenuation factor; binds to the 60S ribosomal subunit and 
localizes in the nucleolus. 

Blocks presentation of viral peptides to MHCI restricted cells. 

RNA transcribed across S component origins of DNA synthesis. 
Most probably not translated and function is not known. 

Transcripts, some spliced, from the inverted repeat sequences 
flanking U L sequences. The function of these transcripts is not 
known. 



syn locus, mutation causes infected cells to fuse; tegument, a component of the virion located between the 
envelope and the capsid; Ori s TU, transcriptional unit comprising the domain of the S component origins of DNA 
synthesis; LATU, latency-associated transcriptional units; aTlF, a frans-inducing factor; HSV, herpes simplex 
virus; dUTP, deoxyuridine triphosphate; mRNA, messenger RNA. 
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12,000 protein described subsequently (105) and often re- 
ferred to as VP26 (U L 35) (130,486). VPS was estimated to 
be present in ratios of 850 to 1 ,000 per virion, i.e., ap- 
proximately six per hexameric capsomere (242,557,703), 
but Schrag et al. (598) suggested that VPS is a component 
of both pentameric and hexameric capsomeres. VP19C and 
VPS appear to be linked by disulfide bond (758) and are 
present in approximately similar ratios per virion (242). 
Braun et al. (58) showed that VP19C, identified as the in- 
fected cell protein (ICP) number 32, bound to DNA and 
may be involved in anchoring the viral DNA in the capsid. 
The HSV-2 counterpart has also been mapped (752). The 
A-type capsids may be a decay product not in the pathway 
of virion maturation (618). B-type capsids differ from the 
A type in that they contain three additional proteins, i.e., 
VP21, VP22a, and VP24. VP22a corresponds to ICP35e- 
f, the product of the open reading frame U L 26.5 cleaved at 
the carboxyl terminus by the protease (370,371). VP21 cor- 
responds to ICP35b (amino acids 248-610) of the protease 
Pra, the nascent U L 26 gene product. VP24 corresponds to 
the N-terminal domain (codons 1 through 247) of Pra des- 
ignated as Prn, the smallest form of the protease encoded 
by the open reading frame U L 26. Pra is cleaved by the au- 
tologous protease between Ala 247 and Ser 248 and between 
Ala 610 and Ser 611 (144,368). The ICP35 family of proteins 
described by Braun et al. (60) plays a vital role in capsid 
assembly and encapsidation of viral DNA (205,507,538, 
618). Gibson and Roizman (215) suggested that VP21 is 
an internal capsid protein. Newcomb and Brown (451,452) 
demonstrated that VP 19 and VP23 are on the surface of 
the capsid and could form a network of fibers located be- 
tween capsomeres (intercapsomeric fibers) and that VP22a 
is in the interior of the capsid and forms a ringlike struc- 
ture which is quantitatively removed by 2.0 M guanidine 
hydrochloride. 

Type C capsids were reported to contain a smaller pro- 
tein — VP22— but not VP22a, and it has been suggested 
that the proteins are related (213,215). Sherman and 
Bachenheimer (618) and Rixon et al. (538) suggested that 
the VP22 found in the C-type capsids may not be related 
to VP22a. Depending on the procedure used for stripping 
the envelope, the C-type capsids may contain variable 
amounts of tegument proteins. Schrag et al. (598) have re- 
ported an elegant model of the HSV-1 capsid. 

It should be noted that, in the interval between 1965 and 
1974, a large number of articles dealt with the structure 
and morphogenesis of herpesvirus capsids; a list of cita- 
tions and review of that literature was published by Roiz- 
man and Furlong (557). On the basis of electron micro- 
scopic appearance of the capsid and the core, capsids form 
eight groups (557). Although the various forms probably 
reflect different stages of capsid assembly, the reagents 
necessary to relate the various forms to specific proteins 
are only now becoming available. 

The space between the undersurface of the envelope and 
the surface of the capsid was designated as the tegument 



(557); it contains the rest of the virion proteins. The most 
notable of the proteins associated with the space between 
the underside of the envelope and the capsid are the a- 
fra/iy-inducing factor (aTIF; ICP25; VP16), VP11-12 
(U L 46), VP13-14, (U L 47), the virion host shut off (VHS) 
protein (U L 41), the product of the U s l 1 gene, and a very 
large protein (VP 1-2) associated with a complex which 
binds to the terminal a sequence of the viral genome (33,96, 
530,574,573,755). Extensive discussion of the various types 
of capsids and virions can be found elsewhere (557). 

Recently, several publications have reported on the pro- 
duction of "light particles" devoid of DNA. These parti- 
cles consist of enveloped tegumentlike structures (417,536, 
678). They appear to contain, in addition, other nonstruc- 
tural proteins previously associated with virions (e.g., ICP4) 
(750). Little is known of their synthesis beyond the facts 
that they do not appear to be uniform in size and that the 
capsid is not an essential trigger for envelopment or egress. 

Viral DNA 

Like other herpesvirus DNAs, the bulk of packaged HSV 
DNA is linear and double stranded (36,309,488). In the 
virion, HSV DNA is packaged in the form of a toroid (202). 
The ends of the genome are probably held together or are 
in close proximity inasmuch as a small fraction of the pack- 
aged DNA appears to be circular and a large fraction of 
the linear DNA circularizes rapidly in the absence of pro- 
tein synthesis after it enters the nuclei of infected cells 
(489). DNA extracted from virions contains ribonucleotides, 
nicks, and gaps (42,197,736). 

The HSV genome is approximately 150 kbp, with a G+C 
content of 68% for HSV-1 and 69% for HSV-2 (36,309,402). 
It consists of two covalently linked components, designat- 
ed as L (long) and S (short) (Fig. 2). Each component con- 
sists of unique sequences bracketed by inverted repeats 
(604; 695). The repeats of the L component are designat- 
ed ab and b 'a '; those of the S component are a c ' and ca 
(Fig. 2) (706). The number of a sequence repeats at the L- 
S junction and at the L terminus is variable; the HSV 
genome can then be represented as 

^b-UL-ba^c'-Us-cas 

where \ and a s are terminal sequences with unique prop- 
erties described below, and a n and a m are terminal a se- 
quences directly repeated zero or more times (n) or pre- 
sent in one to many copies (m) (372,549,550,706,710). The 
structure of the a sequence is highly conserved but con- 
sists of a variable number of repeat elements. In the HSV- 
1(F) strain, the a sequence consists of a 20-bp direct re- 
peat (DR1), a 65-bp unique sequence (U b ), a 12-bp direct 
repeat (DR2) present in 19 to 23 copies per a sequence, a 
37-bp direct repeat (DR4) present in two to three copies, 
a 58-bp unique sequence (U c ), and a final copy of DR1 
(436,438). The size of the a sequence varies from strain to 
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FIG. 2. Schematic representation of the arrangement of DNA sequences in the HSV genome. A: The 
domains of the L and S components are denoted by the arrows. The second line shows the unique se- 
quences (thin lines) flanked by the inverted repeats (boxes). The letters above the second line designate 
the terminal a sequence of the L component (aj, a variable (n) number of additional a sequences, the b 
sequence, the unique sequence of the L component (U L ), the repetitions of the b sequence and of a vari- 
able (m) number of a sequences (aj, the inverted c sequence, the unique sequence of the S compo- 
nent (U s ), and finally the terminal a sequence (a s ) of the S component. B: The Hindlll restriction en- 
donuclease map of HSV-1(F) strain for the P, l s , l L , and isomers of the DNA. Note that, because Hindlll 
does not cleave within the inverted repeat sequences, there are four terminal fragments and four frag- 
ments spanning the internal inverted repeats in concentrations of 0.5 and 0.25 M, respectively, relative 
to the concentration of the viral DNA. 



strain, reflecting in part the number of copies of DR2 and 
DR4. The structure of the HSV- 1(F) a sequence can be 
represented as 

DR1-U-DR2-DR4 -U-DR1 

b n m c 

with adjacent a sequences sharing the intervening DR1. 
Linear virion DNA contains asymmetric terminal a 
sequence ends. The terminal a sequence of the L com- 
ponent (aj contains a truncated DR1 with 18 bp and one 
3' nucleotide extension, whereas the terminal a sequence 
of the S component (aj ends with a DR1 containing only 
1 bp and one 3' overhanging nucleotide (436). The two 
truncated DR1 sequences form one complete DR1 upon 
circularization. 

The L and S components of HSV can invert relative 
to one another, yielding four linear isomers (Fig. 2) (135, 
239). The isomers have been designated as P (prototype), 
I L (inversion of the L component), I s (inversion of the S 
component), and I SL (inversion of both S and L compo- 
nents) (239,441,442). 

the first evidence for the repetition of terminal se- 
quences in inverted orientation was based on electron mi- 



croscopic studies of denatured HSV-1 DNA allowed to self- 
anneal (615). Electron microscopic analyses of denatured 
molecules allowed to self-anneal and of partial denatura- 
tion profiles of HSV DNA revealed that the terminal re- 
peats are also repeated internally and that the repeats flank- 
ing the L component differ from those of the S component 
in size and sequence arrangement (706). The demonstra- 
tion that restriction endonucleases which cleave outside 
the inverted repeats yield four terminal 0.5 M fragments 
and four L-S component junction fragments that are 0.25 
M (Fig. 2) (239), as well as analyses of the partial denat- 
uration profiles of Wadsworth et al, (706), supported the 
conclusion that the L and S components can invert relative 
to each other. 

The internal inverted repeat sequences are not essential 
for growth of the virus in cell culture; mutants from which 
portions of unique sequences and most of the internal in- 
verted repeats have been deleted have been obtained in all 
four arrangements of HSV DNA (286,490). The genomes 
of these mutants do not invert; each is frozen in one 
arrangement of the L and S components, but all retain their 
viability in cell culture. 
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Other Constituents 

Polyamines 

The search for polyamines in the virion evolved from 
the observations that HSV capsid assembly requires the 
addition of arginine to the medium (388,683) and that the 
capsid does not contain highly basic proteins that would 
neutralize viral DNA for proper folding inside the capsid. 
Highly purified virions contain the polyamines spermidine 
and spermine in a nearly constant ratio of 1.6 ± 0.2: 1 or 
approximately 70,000 molecules of spermidine and 40,000 
molecules of spermine per virion (214,216). The poly- 
amines appear to be tightly bound and cannot be exchanged 
with exogenously added labeled polyamines. Disruption 
of the envelope with nonionic detergents and urea removed 
the spermidine but not the spermine. The spermine con- 
tained in the virion is sufficient to neutralize approximately 
40% of the DNA phosphate (214). Parenthetically, proteins 
have been noted in association with the toroidal structure 
(202) in the capsid. and a capsid protein has been report- 
ed to bind DNA (58). 

The compartmentalization of spermine and spermidine 
may reflect the distribution of polyamines in the infected 
cell. It is of interest to note that, after infection, the con- 
version of ornithine to putrescine appears to be blocked, 
but the synthesis of spermine and spermidine does not ap- 
pear to be affected (214). 

Lipids 

It has been assumed that HSV acquires the envelope 
lipids from its host. Little is known of the composition of 
the lipid in the envelopes. The hypothesis that it is deter- 
mined by its host was supported by the observation that 
the buoyant density of the virus was host cell-dependent 
on serial passage of HSV- 1 alternately in HEp-2 and chick 
embryo cells (644). Since the envelope is derived from cel- 
lular membranes, it has been assumed that the viral enve- 
lope and cellular membranes contain similar or identical 
lipids. Recent studies suggest that the virion lipids are sim- 
ilar to those of cytoplasmic membranes and different from 
those of nuclear membranes (700). 

HSV Polymorphism 

Intertypic Variation 

Although the genetic maps of HSV- 1 and HSV-2 are 
largely colinear, they differ in restriction endonuclease 
cleavage sites and in the apparent sizes of viral proteins. 
Thus, the initial locations of viral genes on the linear map 
of HSV genomes were based on analyses of HSV- 1 X 
HSV-2 recombinants and took advantage of the intertypic 
differences in the sizes of the proteins and the locations of 
restriction endonuclease cleavage sites (390,441,442,508). 



Intratypic Variation 

The first evidence of intratypic polymorphism emerged 
from studies of virion structural proteins and indicated that 
nonglycosylated proteins vary sufficiently in electrophoretic 
mobility to be used as strain markers (482). Although spec- 
imens from epidemiologically related individuals appeared 
to yield similar electrophoretic profiles, the usefulness of 
virion proteins as markers for molecular epidemiologic 
studies was limited by the effort required to purify virions 
for such analyses. 

At the DNA level, differences between HSV-1 strains 
appear to result from base substitutions, which may add or 
eliminate a restriction endonuclease cleavage site and, on 
occasion, change an amino acid, or variability in the num- 
ber of repeated sequences present in a number of regions 
of the genome, e.g., 7,34.5, U s l 1, and so forth (95,540). 
The restriction endonuclease cleavage patterns of a given 
strain are relatively stable, while the number of repeats are 
not (64,238,555,692). Thus, no changes in restriction en- 
donuclease patterns were noted in isolates from the same 
individual over an interval of 13 years or in genomes of an 
HSV-1 strain passaged serially numerous times in cell cul- 
ture. However, restriction endonuclease site polymorphism 
was readily noted in isolates from epidemiologically un- 
related individuals (232,570). On the basis of these prop- 
erties, restriction endonuclease site polymorphism was 
used in several epidemiologic studies of HSV transmission 
in the human population (64,555,570), and blind restric- 
tion endonuclease analysis of virus isolates has been used 
to trace the spread of infection from patients to hospital 
personnel (62), from patient to patient (366), and from hos- 
pital personnel to patient (7,63). Recently, Sakaoka et al. 
(587) reported on clustering of divergent sites along geo- 
graphically and racially distinct areas. The conclusion that 
"the evolution of HSV-1 may be host dependent" is an ag- 
gressive interpretation of the data; a more conservative in- 
terpretation is that random mutations were conserved and 
dispersed in different populations. 

VIRAL REPLICATION 
General Pattern of Replication 

It is convenient to begin this section on viral replication 
with a bird's-eye view of the major events (Fig. 3). 

To initiate infection, the virus must attach to cell sur- 
face receptors. Fusion of the envelope with the plasma 
membrane rapidly follows the initial attachment. The deen- 
veloped capsid is then transported to the nuclear pores 
where DNA is released into the nucleus. 

Transcription, replication of viral DNA, and assembly 
of new capsids take place in the nucleus (Figs. 3 and 4). 

Viral DNA is transcribed throughout the reproductive 
cycle by host RNA polymerase II, but with the partici- 
pation of viral factors at all stages of infection. The syn- 
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FIG. 3. Schematic representation of the replication of HSV in 
susceptible cells. 1 : The virus initiates infection by the fusion 
of the viral envelope with the plasma membrane following 
attachment to the cell surface. 2: Fusion of the membranes 
releases two proteins from the virion. VHS shuts off protein 
synthesis (broken RNA in open polyribosomes). ot-TIF is trans- 
ported to the nucleus. 3: The capsid is transported to the nu- 
clear pore where viral DNA is released into the nucleus and 
immediately circularizes. 4: The transcription of a genes by 
cellular enzymes is induced by a-TIF. 5: The 5 amRNAs are 
transported into the cytoplasm and translated (filled polyribo- 
some); the proteins are transported into the nucleus. 6: A new 
round of transcription results in the synthesis of B proteins. 
7: At this stage in the infection, the chromatin (c) is degraded 
and displaced toward the nuclear membrane, whereas the nu- 
cleoli (round hatched structures) become disaggregated. 
8: Viral DNA is replicated by a rolling circle mechanism, which 
yields head-to-tail concatemers of unit-length viral DNA. 9: A 
new round of transcription/translation yields the 7 proteins, 
consisting primarily of structural proteins of the virus. 10: The 
capsid proteins form empty capsids. 11 : Unit-length viral DNA 
is cleaved from concatemers and packaged into the preformed 
capsids. 12: Capsids containing viral DNA acquire a new pro- 
tein. 13: Viral glycoproteins and tegument proteins accumu- 
late and form patches in cellular membranes. The capsids 
containing DNA and the additional protein attach to the un- 
derside of the membrane patches containing viral proteins and 
are enveloped. 14: The enveloped proteins accumulate in the 
endoplasmic reticulum and are transported into the extracel- 
lular space. 



thesis of viral gene products is tightly regulated (Fig. 5). 
Viral gene expression is coordinately regulated and se- 
quentially ordered in a cascade fashion. The gene prod- 
ucts studied to date form at least five groups on the basis 
of both transcriptional and posttranscriptional regulation 
(Fig. 5). 

Several of the gene products are enzymes and DNA- 
binding proteins involved in viral DNA replication. The 
bulk of viral DNA is synthesized by a rolling circle mech- 
anism, yielding concatemers which are cleaved into 
monomers and packaged into capsids. 



Assembly occurs in stages; after packaging of DNA into 
preassembled capsids, the virus matures and acquires infec- 
tivity by budding through the inner lamella of the nuclear 
membrane (Figs. 3 and 6). In fully permissive tissue culture 
cells, the entire process takes approximately 18 to 20 hr. 

Initial Stages of Infection 

The available information on events preceding the 
transcription of viral genes is still fragmentary. The cen- 
tral issue is that two of the initial events, attachment to the 
cell surface and fusion of the viral envelope with the plas- 
ma membrane, must necessarily involve viral surface 
proteins. Of the ten known HSV membrane glycoproteins 
(gB, gC, gD, gE, gG, gH, gl, gK, gL, and gM) (19,192, 
271,529,640), five (gC, gE, gG, gl, and gM) are dispens- 
able in most cells in culture, both for entry into and egress 
from cells (22,242,375,376,377). The predicted product of 
the U s 5 gene, gJ, has not been shown to be present in viri- 
ons, and its posttranslational modification or function has 
not been published. 

Attachment 

Both HSV-1 and HSV-2 are readily detected on the sur- 
face of cells, particularly juxtaposed to coated pits of cells 
exposed for a brief interval to infectious virus (Fig. 7). At- 
tempts to find cultured mammalian cells lacking receptors 
have not been successful, leaving the species specificity 
of natural infection by this virus a mystery: only chim- 
panzees, other than humans, are "naturally" infected with 
this virus (399). 

Numerous studies have been unable to assign the re- 
sponsibility for attachment to the cell surface to a sole viral 
glycoprotein. The genes encoding each of the HSV-1 gly- 
coproteins except gK have been deleted individually from 
the viral genome, and each of those viruses is able to at- 
tach to and infect nonpolarized epithelial cells (22,66,83, 
190,289,290,375,376,575). The reason for this became ap- 
parent as data indicated that HSV can utilize more than 
one attachment pathway. 

The apparent lack of a single viral protein-cell surface 
receptor interaction for HSV is in part due to the use for 
most of the attachment studies of nonpolarized, continuous 
cell lines. During the course of its normal life cycle, HSV 
must infect and replicate in two different cell types: epithe- 
lial cells and neurons. These cells are quite different from 
one another and also, in vivo, highly polarized; they sort 
membrane and secreted proteins to one surface or another. 
In the case of epithelial cells, membrane proteins are 
sorted to the apical or basal surfaces (77,547,548); in neu- 
rons, they are sorted to axons or dendrites (148,149). The 
virus therefore must be able to attach to and infect at least 
three very different types of membranes. For example, in 
nonpolarized cells, gC is dispensable for viral attachment 
and replication (242). The first evidence that gC was in- 
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FIG. 4. Electron micrographs of the intracellular events in HSV-1 replication. A: Electron-opaque bod- 
ies (magnified in insert) showing sites of assembly of capsids. B: A region near the end of the nucleus 
showing accumulation of chromatin, small particles that appear to be capsid precursors and capsids. 
C: A paracrystalline array of capsids, both empty and containing DNA, frequently found in nuclei of in- 
fected cells. D: Capsids in nuclei of infected cells in various stages of packaging of viral DNA. Electron 
micrographs assembled from Roizman and Furlong (557) and Schwartz and Roizman (600,601), with 
permission. 



volved in attachment was obtained in studies on the in- 
hibition of attachment of HSV to BHK cells by the poly- 
cation neomycin (75). In this study, it was shown that the 
resistance of HSV-2 to inhibition of attachment by 
neomycin mapped to the gC-2 gene. It was later report- 
ed that deletion of the membrane anchor domain of gC 
decreased, but did not eliminate, the ability of purified 
virions to attach to nonpolarized cells in culture (245). 
When polarized epithelial cells were used in attachment 
assays, it was shown that gC is required for attachment 
of HSV virions to a receptor found on the apical surface 
of polarized cells, but not for attachment of the virus to 
the basal surfaces of the same cells (605). Polarized ep- 
ithelial cells in culture therefore express more than one 
receptor for HSV, and those receptors are recognized by 
different viral proteins. 

This attachment to different cell surface receptors me- 
diated by different viral glycoproteins raises the possibil- 
ity that nonpolarized cells may express more than one re- 
ceptor on the same surface, and at least some of the myriad 
of apparently nonessential glycoproteins encoded by this 



virus may then be functionally redundant in infection of 
nonpolarized cells. In that case, removal of one glycopro- 
tein at a time cannot completely eliminate attachment, since 
the viral protein required for attachment to another recep- 
tor would still be present. Viruses lacking gC, gG, and gE, 
or gE and gl, are able to attach to and infect nonpolarized 
cells (A. Sears and B. McGwire, unpublished data). Be- 
cause gB is also a strong binder of heparan sulfate, it has 
been postulated (245) that gB is responsible for gC-inde- 
pendent attachment. However, this hypothesis depends upon 
heparan sulfate being the sole viral receptor, which no 
longer appears likely. 

Spear et al. (206,622,747) have identified cell surface 
heparan sulfate as a major factor in binding of HSV to the 
cell surface; heparin is a potent inhibitor of HSV attach- 
ment, and removal of heparan sulfate from cells either en- 
zymatically or by the use of mutant cell lines deficient in 
heparan sulfate synthesis reduces the levels of virus at- 
tachment to and infection of those cells by approximately 
85%. However, in no case has removal of heparan sulfate 
or competition by heparin resulted in a complete loss of 
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FIG. 5. Schematic representation of the regulation of HSV-1 
gene expression. Operand filled arrows represent events in 
the reproductive cycle which turn gene expression "on" and 
"off," respectively. 1: Turning on of a gene transcription by a- 
TIF, a 7 protein packaged in the virion. 2: Autoregulation of a 
gene expression. 3: Turning on of 6 gene transcription. 4: 
Turning on of 7 gene transcription by a and B gene products 
through transactivation of 7 genes, release of 7 genes from 
repression, and replication of viral DNA. Note that 7 genes dif- 
fer with respect to the stringency of the requirement for DNA 
synthesis. The heterogeneity is shown as a continuum in which 
inhibitors of viral DNA synthesis are shown to have minimal 
effect on 7 a gene expression but totally preclude the expres- 
sion of 7 2 genes. 5: Turn off of a and 6 gene expression by 
the products of 7 genes late in infection. 



attachment or infectivity. Two possible explanations for 
this are that heparan sulfate is one of multiple receptors, 
or that it acts as a cofactor, enhancing binding of gC or 
other glycoproteins to cell surface proteins. 

Another factor that has been implicated in attachment 
of HSV is the basic fibroblast growth factor receptor 
(FGFR). Reports that the presence of this protein on the 
cell surface was required for viral attachment (301) could 
not be substantiated by other laboratories (431,445,621). 
However, inasmuch as there is more than one attachment 
pathway available to HSV in infection of nonpolarized 
cells, the possibility that FGFR is one of multiple recep- 
tors was not conclusively ruled out. 

Recent experiments have identified the receptor for gC- 
dependent attachment of HSV-1 to the apical surface of 
polarized epithelial cells as the complement receptor CR1 
(CD35; A. Sears, in preparation). This protein, closely re- 
lated to the Epstein-Barr virus receptor CR2, has a wide 
tissue distribution in vivo (479). The role of heparan sul- 
fate in the gC-CRl interaction has yet to be determined. 

Penetration into the Infected Cell 

Attachment to the cell surface activates a process me- 
diated by viral surface proteins which causes the fusion of 
the viral envelope and the cell plasma membrane. There is 
overwhelming acceptance of the hypothesis that produc- 



tive infection results from the entry of virus mediated by 
fusion of the envelope and plasma membranes rather than 
that mediated by phagocytosis (440). There is also evidence 
that fusion of the envelope with membranes lining endo- 
cytic vesicles results in a nonproductive infection (70). The 
demonstration that virion envelope Fc receptors (i.e., gly- 
coproteins gE and gl) (291) could be detected on cell sur- 
faces following penetration in the absence of viral gene ex- 
pression is consistent with this hypothesis (474). 

Penetration may be a multistep event and involves more 
than one viral glycoprotein. In nonpolarized cells, the cumu- 
lative evidence indicates that (a) a ts mutant in HSV-1 gB 
attaches to but does not penetrate into cells (386), but infec- 
tion does ensue, and progeny virus is made after chemical- 
ly induced fusion of the envelope of the adsorbed virus to 
the plasma membrane (590,591); (b) HSV-1 gB", gD~- and 
gH" recombinant viruses also attach to cell surfaces but do 
not penetrate (66,190,289); (c) cells expressing HSV-1 gD 
allow attachment and endocytosis of both HSV-1 and HSV- 
2, but fusion of the membranes and penetration do not 
ensue (70); and (d) viruses deleted in gL attach to but do not 
penetrate into cells; however, the gL" virions also lack gH 
(575), so that the role of gL in penetration remains to be 
seen. In the case of polarized epithelial cells, gG, gE, and 
gl are required for a postattachment stage of entry, the 
nature of the step(s) requiring gG, gE, and gl remains to 
be determined (A. Sears, B. S. McGwire, and L. Tran, in 
preparation). 

The role of gD in viral penetration deserves a further note. 
Clonal lines originally derived from BHK cells have been 
shown to vary with respect to susceptibility to infection by 
wild-type HSV-1 . Mutant viruses capable of infecting the 
clonal lines have been isolated. A mutation in gD capable 
of conferring on recipient virus some but not all of the prop- 
erties of the mutant virus mapped in the gD gene (572). In 
addition, cell lines expressing HSV-1 gD allow attachment 
and endocytosis of both HSV-1 and HSV-2, but fusion of 
the membranes and penetration do not ensue (70). It appears 
that the gD expressed in these cells is responsible at least in 
part for the observed resistance to infection, that viral mu- 
tants which overcome the resistance contain mutations in 
gD, and that transfer of the mutations in gD to a recipient 
virus overcomes in part the resistance to infection. The ev- 
idence favors additional mutations in the viral genome nec- 
essary to overcome resistance to infection completely and, 
by extension, argues that entry of virus into cells requires 
the participation of several gene products (56). 

The transition from attached to penetrated virus (as 
measured by the loss of susceptibility to neutralization 
characteristic of virus still attached to the cell surface) is 
very rapid (265). 

Release of Viral DNA 

Upon entry into the cell, the capsids are transported to 
the nuclear pores (Figs. 3 and 7) (32,693). Release of viral 
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FIG. 6. Electron micrographs of the envelopment and egress of virus from infected cells. A: Envelopment 
of virus from a protrusion of the nucleus. Note that the nucleus contains marginated chromatin. The inner 
lamellae of the nuclear membrane contain electron-dense, slightly curved patches representing regions 
of the membrane at which envelopment takes place. Note the spikes projecting from the surface of the 
membrane of the capsid being enveloped. B: An enveloped capsid and numerous unenveloped capsids 
found late in infection in the cytoplasm of infected cells. Some of the capsids appear to be in the process 
of being either enveloped or deenveloped. C: Micrograph showing an enveloped capsid in the space be- 
tween the inner and outer lamellae of the nuclear membrane connecting with the cisternae of the endo- 
plasmic reticulum. D: An unenveloped capsid in the nucleus and an enveloped particle bulging in the cis- 
ternae of the endoplasmic reticulum. E: Cytoplasmic enveloped particles enclosed in vesicles or cisternae 
of the endoplasmic reticulum. F: Modified nuclear membranes folded upon themselves, frequently seen 
in cells late in infection. The structures formed by such membranes have been designated as "redupli- 
cated membranes." Electron micrographs assembled from Roizman and Furlong (557) and J. Schwartz 
and B. Roizman (unpublished micrographs). 



DNA into the nucleoplasm requires a viral function; thus, 
capsids of the ts mutant HSV-l(HFEM)teB7 accumulate 
at nuclear pores and release viral DNA only after a shift 
down from nonpermissive to permissive temperature (32). 
Empty capsids are readily found at nuclear pores early in 
infection with wild-type viruses. The cellular cytoskeleton 
probably mediates the transport of herpesvirus capsids to 
the nuclear pores (124,331). Parental viral DNA accumu- 
lates in the nucleus. 



Virion Components Required for Replication in 
Permissive Cells 

Transfection of "permissive" cells with intact, depro- 
teinated viral DNA yields infectious viral progeny 
(225,35 1,616). However, the specific activity of viral DNA 
is many orders of magnitude lower than that of virions, and 
the duration of the reproductive cycle is longer. Moreover, 
there is no certainty that the sequence of events in trans- 
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FIG. 7. Attachment and penetration of HSV-1 to cells in cul- 
ture. A,B: Virions attached to plasma membrane. C: Capsids 
with DNA at nuclear pores in cells infected with HSV- 
1(HFEM)teB7 maintained at the nonpermissive temperature 
(32). D: Empty capsids accumulating in cells late in infection 
with mutant HSV1(50B) late in infection (693). In cells infect- 
ed with this mutant, virtually every pore contains a juxtaposed 
empty capsid. 



fected cells resembles the viral reproductive cycle occur- 
ring in cells infected with competent virions. 

The components of the virion other than its DNA appear 
to have several functions. The envelope obviously enables 
entry of the virus into cells, and the capsid acts a vector for 
the viral DNA. Several tegument proteins have been shown 



to have important functions for the initiation of viral repli-^ 
cation, and surprises are yet to come. Among these are (i)* 
VHS (U L 41), which is involved in the early shut off of host 
macromolecular synthesis (341,342,458,457,530, 554,595, 
675-677); (ii) a protein designated by the Spear and Roiz- 
man (643) nomenclature as VP 16 acts in trans to induce a 
genes, the first set of genes to be expressed (33,76, 481,498) 
(since the induction of a genes is a nuclear event, it is evi- 
dent that at least some tegument components make their way 
into the nucleus); (iii) two proteins (U L 46, U L 47), which ap^ 
pear to modulate the function of VP 16 (400a); (iv) a protein 
encoded by U s l 1, which binds the 60S ribosomal subunit 
and whose function is not known (573); (v) a protein kinase 
(U L 13) whose function in newly infected cells is not known 
(520,521); and (vi) proteins which may facilitate attachment 
to the nuclear pore and the release of viral DNA (32). 

Preston and Notarianni (506) reported adenosine diphos- 
phate (ADP) ribosylation of VP23, a capsid protein 
(213,643). It has previously been reported that phosphate 
cycles on and off VP23, suggesting that a kinase associat- 
ed with virions (although not necessarily viral in origin) 
phosphorylates and dephosphorylates VP23 and substrate 
proteins (360). 

It should be noted that 38 of the 75 open reading frames 
encoding unique proteins are dispensable at least in some 
cell lines and that a large proportion of the dispensable 
open reading frames are structural proteins, particularly of 
the tegument and envelope. The fiuictions of the dispens- 
able proteins are particularly important inasmuch as they 
may eventually identify the cellular functions required for 
viral replication in specific tissues or cell types. 



Viral Genes: Pattern of Expression and 
Characterization of Their Products 

Timing and Requirements for Gene Product Synthesis 

The transcription of viral DNA takes place in the nucle- 
us. As would be expected, all viral proteins are synthesized 
in the cytoplasm. The number of abundant, i.e., readily de- 
tectable, polypeptides specified by HSV does not exceed 50 
(1 16,262,442). McGeoch et al. (402,405) predicted 56 open 
reading frames in U L , 12 in U s , and one each in the repeats 
flanking the L and S components for a total of 72. Howev- 
er, as discussed later in this text, the definition of open read- 
ing frames in the viral genome was somewhat conservative, 
and the actual number is higher. Since the HSV-1 sequence 
was published, ten additional transcribed open reading frames 
have been reported. These are 7,34.5, ORF, and ORF P, which 
map in the repeats flanking the L component and therefore 
present in two copies, U L 26.5, which encodes a capsid scaf- 
folding protein, and the substrate of the protease, U L 49.5, 
U L 20.5, U s 1.5, and U s 8.5 (5,28,97,21 1,346, 370,371, P. L. 
Ward, K. Carter, and B. Roizman, in preparation.). The func- 
tions of ORF P, U L 49.5, and U s 8.5 are not known. 
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In cells productively infected with HSV, the regulation 
of viral gene expression schematically represented in Fig. 
5 has three features: (i) HSV proteins form several groups 
whose synthesis is coordinately regulated in that they have 
similar requirements for and kinetics of synthesis, (ii) the 
absolute rate of synthesis and ultimate abundance of each 
protein may vary, and (iii) the protein groups are sequen- 
tially ordered in a cascade fashion (183,260-262,329,483). 

The a genes are the first to be expressed. There are five 
a proteins, i.e., ICPO, ICP4, ICP22, ICP27, and ICP47 
(Table 1). The a genes were initially defined as those that 
are expressed in the absence of viral protein synthesis. The 
a genes may be defined more precisely by the presence of 
the sequence 5' NC GyATGnTAATGArATTCyTTGnGGG 
3 ' in one to several copies within several hundred base 
pairs upstream of the cap site (382). 

The synthesis of a polypeptides reaches peak rates at 
approximately 2 to 4 hr postinfection, but a proteins con- 
tinue to accumulate until late in infection at nonuniform 
rates (4,261). As discussed below, all a proteins, with the 
exception of a47, have been shown to have regulatory func- 
tions, and functional a proteins are required for the syn- 
thesis of subsequent polypeptide groups. 

The 8 genes are expressed at very low levels in the ab- 
sence of competent a proteins, and their expression is en- 
hanced rather than reduced in the presence of inhibitory 
concentrations of drugs that block viral DNA synthesis or 
in cells infected with tight DNA-ts mutants in 6 genes. The 
B, and B 2 groups of polypeptides reach peak rates of syn- 
thesis at about 5 to 7 hr postinfection (260,261). The B, 
proteins, exemplified by polypeptides ICP6 (the large com- 
ponent of the viral ribonucleotide reductase) (270) and 
ICP8 (the major DNA binding protein) (108) appear very 
early after infection and in the past have been mistaken for 
a proteins (102). They are differentiated from the latter by 
their requirement for functional a4 protein for their syn- 
thesis (260,261). The B 2 polypeptides include the viral 
thymidine kinase (TK) and DNA polymerase. The ap- 
pearance of B proteins signals the onset of viral DNA syn- 
thesis, and most viral proteins involved in viral nucleic acid 
metabolism appear to be in the B group. 

The 7 genes have been lumped for convenience into two 
groups, 7, and 7 2 , although in reality they form a continuum 
differing in their timing and dependence on viral DNA syn- 
thesis for expression (108,1 13,300,625,707). The prototype 
7, gene (e.g., the genes specifying glycoproteins B and D 
and 734.5) is expressed relatively early in infection and is 
only minimally affected by inhibitors of DNA synthesis. 
The relatively abundant major capsid protein ICP5 (7,) is 
made both early and late in infection. In contrast, prototypic 
7 2 proteins [e.g., gC (U L 44) and U s l 1] are expressed late 
in infection and are not expressed in the presence of effec- 
tive concentrations of inhibitors of viral DNA synthesis. 

The 7, genes have also been designated as B7 or leaky 
7 genes (1 14,253). The differentiation of B genes into B, 
and B 2 and the variability in the requirements for the ex- 



pression of genes are the major reasons for the designation 
of HSV genes as a, B, and 7 rather than immediate-early," 
early, and late (261). 

Functi nal Organization of HSV Genomes 

The sources of the data for the functional organization 
of the HSV-1 genome shown in Fig. 8 are useful to present 
for both historical and heuristic reasons. Globally, the key 
sources were the transcriptional maps painstakingly col- 
lected and defined by E. K. Wagner et al. (1 1,12,1 13,1 14, 
151,200,230,253-255,707,709). These maps served as the 
basis for the interpretation of the nucleotide sequence data 
generated by McGeoch et al. (402,405), although in some 
instances transcriptional analyses and even translational 
analyses were ignored in favor of nucleotide sequences de- 
noting putative transcriptional initiation sites or termina- 
tions. Identification of the proteins specified by the indi- 
vidual open reading frames is based on several sources. 
The framework and much of the initial mapping of the HSV 
genome is based on analyses of proteins and DNA sequence 
arrangements of HSV-1 X HSV-2 recombinants (390,441, 
442,582) supplemented by (i) rescue of mutants by trans- 
fection of cells with intact mutant viral DNA and DNA 
fragments generated by restriction endonuclease digestion 
of wild-type genomes (319,320,444,476), (ii) transfer of a 
dominant or assayable marker from one genome to anoth- 
er with restriction endonuclease fragments (320,327,498, 
499,582), (iii) expression of the gene product from puri- 
fied messenger RNA (mRNA) or from a DNA fragment 
in a suitable system (108,247,355,383,498), and (iv) in- 
sertion in frame with the putative open reading frame of a 
"tag" consisting of a nucleotide sequence encoding a non- 
HSV epitope for a known monoclonal antibody (346,370, 
371). The products of a large number of putative open read- 
ing frames have not been identified. The sequence-depen- 
dent, in contrast to transcription- or function-dependent, 
identification of open reading frames is conservative and 
does not take into account proven exceptions (e.g., the ar- 
bitrary rules would have excluded a0 as an open reading 
frame had its product not been known). Nevertheless, the 
overall organization of the genome is becoming apparent 
and can be summarized as follows: 

1 . The a genes map near the termini of the L and S com- 
ponents (11,299,300,383,441,448,508,714,715). The 
a0 and a4 genes map within the inverted repeats of 
the L and S components, respectively,and are there- 
fore each present in two copies per wild-type genome. 
However, a single copy of each is sufficient inasmuch 
as 1358, a HSV-1 mutant lacking most of the internal 
inverted repeat sequences, is viable (490). In the cir- 
cular arrangement of viral DNA, the a genes form two 
clusters. The first consists of a genes 0, 4, and 22, 
whereas the second consists of a genes 47, 4, and 0. 
A key feature of these two clusters is that each con- 




FIG. 8. Functional organization of the HSV-1 genome. The circles are described from inside out. Circle 
1 : Map units and kilobase pairs. Circle 2: Sequence arrangement of HSV genome. The letters ab, U L , 
and b a ' identify the long (L) component consisting of the unique sequences U L flanked by the inverted 
repeats. The letters a c', U s , and ca identify the corresponding sequences of the short (S) component. 
The open arrow shows the sites of cleavage of concatemeric or circular DNA to yield linear DNA. Since 
the L and S components can invert relative to each other, the arrangement shown is that which would 
yield the "prototype arrangement" if linearization were to occur by cleavage of the DNA between map units 
0 and 100. The filled arrows represent the three origins of viral DNA synthesis, one in the middle of U L 
(OriL) and two (both designated OriS) within the inverted repeats flanking the S component. Circle 3: The 
transcriptional map of the HSV-1 genome. The map serves the purpose of identifying the direction of tran- 
scription, the approximate initiation and termination sites, and the families of 3' coterminal transcripts. 
Dashed lines identify transcripts mapped imprecisely. The designation between the second and third ring 
identify proteins encoded by the transcripts according to their ICP number. The designations outside this 
ring identify the open reading frame (those mapping in U s have the prefix US) number and the kinetic class 
(a, (3, or 7) to which they belong. Circle 4: The known functions of the proteins specified by the open 
reading frames. The filled arrows identify open reading frames which can be deleted without affecting 
the ability of the virus to multiply in cells in culture. The open arrows identify the two copies of the a4 
gene; only one copy of this gene can be deleted without affecting the capacity of the virus to multiply. The 
data for the circles 3 and 4 are derived from refs. 1 1 , 28, 53, 81 , 97, 113, 125, 150, 168, 200, 201 , 230 
255, 280, 346, 371, 402, 402, 411, 416, 448, 481, 484, 523, 537, 540, 614, 707, and 716. 
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tains an origin of DNA synthesis (Ori s ) sandwiched 
between a4 and ot22 or between ot4 and a47. Notwith- 
standing the clustering, each a gene has its own pro- 
moter-regulatory region and transcription initiation 
and termination sites (381-383). 
2. With few exceptions, fi and 7 genes are scattered in 
the unique sequences of both the L and S compo- 
nents. The exceptions are the 7,34.5 and ORF P genes 
located in the reiterated sequences flanking the L 
component between the terminal a sequence and the 
aO gene (6,97,346). At present only two functional 
gene clusters are strikingly apparent, but their sig- 
nificance is uncertain. The B genes specifying the 
DNA polymerase and the single-stranded DNA-bind- 
ing protein flank the L component origin of DNA 
synthesis (Ori,), and the 7 genes specifying mem- 
brane glycoproteins D, E, G s and I and the presumed 
glycoprotein J map next to each other within the 
unique sequences of the S component (6,191,354, 
535,561,582,640,716). Although there are several in- 
stances of apparent sharing of 5' or 3' gene domains 
(151,537,714), there is altogether little gene overlap 
(ORF P and 7, 34.5) and only a few known instances 
of RNA splicing (e.g., a22, a47, aO, and U L 15) (707) 
relative to the frequency with which these events have 
been observed to occur in adenovirus and papovavirus 
genomes. In several instances, replacement of the ge- 
nomic DNA sequences of spliced genes with the cor- 
responding complementary DNA (cDNA) had no ef- 
fect on viral replication in cells in culture (21). 

A more detailed listing of the gene products is present- 
ed in Table 1 . Each viral protein is designated by one of 
three criteria, i.e., by function, if it is precisely defined 
(e.g., tk, DNA polymerase, and so forth), by its first pub- 
lished designation, or by its open reading frame. 

Synthesis and Processing of Viral Proteins 

Viral proteins appear to be made on both free and bound 
polyribosomes. Most of the proteins examined to date ap- 
pear to be processed extensively after synthesis (4,43,44,59, 
74,167,213,263,384,483,506,521-523,639-641). Processing 
includes cleavage, phosphorylation, sulfation, glycosylation, 
myristylation, ADP-ribosylation, and nucleotidylylation. 
In some instances, the modifications in protein structure 
accompany tHe translocation of proteins across membranes 
(393). Current information concerning processing of pro- 
teins and the relationship of processing to function is de- 
tailed in the section on general properties and functions of 
viral proteins and in the section on viral glycoproteins. 

With the exception of some glycoproteins, the extent to 
which processing is a requirement of virus growth rather 
than the consequence of an encounter between cellular or 
viral enzymes and molecules resembling natural substrates 
remains uncertain. N-linked glycosylation of gD is not nec- 



essary for its function (637). However, at least some gly- 
cosylation within the infected cells is necessary to produce 
infectious progeny (74,639). 

HSV Protease 

Gibson and Roizman (213,215) noted that protein VP22a 
present in empty B capsids was replaced in DNA-containing 
C capsids by a faster migrating protein with similar char- 
acteristics, designated as VP22. VP22a proteins were iden- 
tified as members of a family of proteins designated as 
ICP35a-f (59,60). VP22a, corresponding to ICP35e,f are 
derived from ICP35c,d and form the toroidal structure 
which functions as a scaffolding for DNA packaging into 
capsids (451). As predicted from early studies (213), it is 
absent from DNA-containing capsids. McGeoch et al. (403) 
assigned ICP35 to the open reading frame U L 26 on the basis 
of the observation that a temperature-sensitive mutation 
affecting the processing of ICP35 and accumulation of ma- 
ture capsids mapped in the U L 26 open reading frame (507). 
Numerous studies (144,368-371) indicate the following: 

1. The domain of U L 26 contains two independently tran- 
scribed open reading frames, U L 26 and U L 26.5. U L 26 
encodes a protein of 635 amino acids. The U L 26.5 pro- 
moter maps within the coding domain of U L 26. U L 26.5 
encodes 329 amino acids; the methionine initiator 
codon of U L 26.5 corresponds to the methionine 306 
of U L 26. Although they are transcribed separately and 
although the abundance of the U L 26.5 product is high- 
er than that of U L 26, the product of U L 26.5 has the 
same amino acid sequence as the carboxy-terminal 
amino acids of U L 26. 

2. U L 26 is a serine protease (368,369,371). U L 26 cleaves 
itself between Ala 610 and Ser 611 and between Ala 247 and 
Ser 248 (144,368,371). The amino-terminal 247-amino 
acid polypeptide of U L 26 retains its catalytic activity 
(368). The carboxy-terminal product of the cleavage 
of the product of the U L 26 gene between Ala 247 and 
Ser 248 exists in two states, i.e., with and without the 25 
carboxy-terminal amino acids; these proteins corre- 
spond to the ICP35a,b of Braun et al. (58). The pro- 
tease also cleaves the terminal 25 amino acids at the 
corresponding Ala-Ser site off the U L 26.5 product 
ICP35c,d to form ICP35e,f. Mutagenesis studies have 
identified two histidines and two glutamic acid residues 
essential for proteolytic activity, but a conserved cys- 
teine was dispensable in the 247-amino acid polypep- 
tide (368,369). 

3. The unprocessed product of the U L 26.5 gene and 
ICP35e,f form double bands. The modification of the 
protein which causes double band formation maps in 
the domain of the U L 26.5 gene between codons 307 
and 417 (368). 

4. At this time, no other substrates have been identified 
for the U L 26 protease. 
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Protein Kinases 

Herpes simplex virus appears to specify at least three 
protein kinases. One protein kinase activity has been as- 
sociated with the large subunit of the ribonucleotide re- 
ductase (ICP6) of HSV-2 but not of HSV-1 (100). In con- 
trast to the carboxy-terminal domain, the amino-terminal 
300+-amino acid stretch of the HSV-2 polypeptide shares 
little homology with the corresponding domain of the 
HSV-1 homolog (455). Whereas the ribonucleotide re- 
ductase activity is associated with the conserved carboxy- 
terminal domain, the protein kinase activity maps near 
the amino terminus (9,109). The large subunit of ribonu- 
cleotide reductase appears to be a multifunctional pro- 
tein. The observation that HSV-2 but not HSV-1 evolved 
this activity of the ribonucleotide reductase is surprising. 
The substrate specificity of this protein kinase activity is 
not known. 

McGeoch and Davison (404) predicted that U s 3 encodes 
a protein kinase on the basis of its sequence, a conclusion 
verified by studies with antibody to the protein (193) and 
with deletion mutants in the gene (519). The major sub- 
strate of this enzyme is an intrinsic membrane protein ex- 
posed on the surface of infected cells and encoded by U L 34. 
The U L 34 protein contains the amino acid motif recognized 
by the U s 3 protein kinase; substitution of the serine or thre- 
onine residues within this motif with alanine resulted in a 
loss of phosphorylation, but the virus grew poorly, and re- 
vertants were readily detected. It is noteworthy that four 
prominent phosphoproteins unrelated to the U L 34 protein 
appear in lysates of cells infected with the U s 3~ mutant or 
with mutants in the amino acid motif recognized in U L 34 
by the U s 3 kinase. The anti-U L 34 serum coprecipitates the 
four phosphoproteins along with the U L 34 protein. It would 
appear that the four phosphoproteins compensate in some 
fashion for the absence of phosphorylation by U s 3 kinase. 
Undoubtedly, the U s 3 kinase phosphorylates other as yet 
unidentified proteins (522,523). 

Smith and Smith (636) and Chee et al. (88) reported that 
the sequence of the U L 13 open reading frame contains the 
signature common to other protein kinases and is shared 
among a, 8, and y herpesviruses. Cunningham et al. (121) 
reported on the properties of a new kinase very similar to 
the protein kinase activity demonstrated in tegument-cap- 
sid structures described by LeMaster and Roizman (360) 
and ascribed the new kinase to the product of the U L 13 
gene. Studies of U L 13" and U L 13"U S 3- mutants led to the 
conclusion that the U L 13 kinase affects the phosphoryla- 
tion and processing of the gene products of a22 and U L 47 
and the accumulation of the ctO, U L 26 and U L 26.5 (protease 
and its substrate), and U s l 1 gene products (520,521). 

Although the U L 13 kinase is associated with structural 
proteins, the enzyme brought into the infected cell by the 
virion does not phosphorylate the newly synthesized ICP22 
(520,521). The phenotype of the U L 13" virus is similar to 
that described for the a22~ mutant by Sears et al. (603). 



A large number of other proteins (e.g., ICP4 and gE; 
see Table 1 for a more detailed list) are phosphorylated in 
the course of the reproductive cycle. The kinases respon- 
sible for the phosphorylation and the role of phosphory- 
lation in the functions of these gene products have not 
been elucidated. 

ADP-Ribosylation 

Preston and Notarianni (506) reported that ICP4 and 
VP23 are poly(ADP-ribosyl)ated in isolated nuclei, a sig- 
nificant finding that nevertheless left unanswered the ques- 
tion whether this reaction actually takes place in the in- 
fected cell. Blaho et al. (43) reported that antibody specific 
for poly(ADP-ribose) reacts with ICP4 extracted from cells 
late in infection, in effect answering the question in the af- 
firmative. However, the poly(ADP-ribose) added to ICP4 
was digested by poly(ADP-ribose) glycohydrolase, but only 
after denaturation of the protein. In contrast, poly(ADP-ri- 
bose) added to ICP4 in isolated nuclei was readily removed 
from the native protein by the glycohydrolase. The results 
indicate that ICP4 is poly(ADP-ribosyl)ated and suggest 
that, in the isolated nuclei, the poly(ADP-ribose) is added 
either by elongation of existing chains or to novel sites. 

Nucleotidylylation of Viral Proteins 

An initial report by Blaho and Roizman (46) showed 
that ICP4 is both guanylylated and adenylylated. The label 
transferred by a 32 P-adenosine triphosphate (ATP) or a 32 P- 
guanosine triphosphate is associated with the slowly mi- 
grating forms of the protein. Conclusive evidence for the 
nucleotidylylation emerged from transfer of a 3 H-labeled 
purine ring from ATP to ICP4. More recent studies revealed 
that an as yet unidentified late viral gene product was in- 
volved in the reaction and that the number of nucleotidy- 
lylated proteins is higher (43,44). The first to be identified 
in addition to ICP4 were ICP0, ICP22, and ICP27. ICP22 
and ICP27 share the amino acid sequence Arg/ProAr- 
gAlaPro/SerArg which is also found in ICP4, ICP0, and 
the products of the HSV-1 genes U L 21, U L 31, U L 47, and 
1^49. ICP0, ICP4, ICP22, and ICP27 are regulatory pro- 
teins; U L 21 is dispensable for growth in cultured cells (24); 
U L 3 1 cofractionates with the nuclear matrix (85); and U L 47 
may interact stoichiometrically with otTIF (or VP 16, the 
product of the U L 48 gene) (425). U L 49 is a virion protein 
which is labeled in cells with [ 32 P]orthophosphate and also 
is (ADP-ribosyl)ated. The genes encoding the additional 
nucleotidylylated proteins were identified initially by analy- 
ses of intertypic recombinant viruses and subsequently by 
analyses of the products encoded by the mapped genome 
domains and were shown to correspond to U L 21, U L 31, 
U L 47, and U L 49 proteins (44). Preliminary evidence indi- 
cates that casein kinase II nucleotidylylates at least ICP22 
and that an additional late viral protein is required for nu- 
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cleotidylylation of most of the remaining seven proteins 
(45,432). The significance of the nucleotidylylation is not 
known. In fact, there is no evidence that the identified "con- 
sensus" sequence is nucleotidylylated. 

Modification of Membrane-Associated Proteins 

Of the 1 1 predicted glycoproteins, at least ten have been 
studied in sufficient detail to demonstrate the presence of 
oligosaccharide chains. The 1 1th, gJ, remains elusive. In 
addition, it has been reported recently that the products of 
the U L 47 gene, VP 13- 14, contain O-linked polysaccharide 
chains and are phosphorylated (425). 

At least one protein, the product of the U L 1 1 gene, has 
been shown to be myristylated (384). Deletion mutants in 
the U L 1 1 gene show an impairment in egress from infect- 
ed cells (20). 

Application of Genetic Techniques to the 
Identification of Gene Product Function: 
Genes Essential and Dispensable for 
Growth in Cell Cultures 

Key to the identification of viral functions and mapping 
of viral genes encoding these functions are temperature 
sensitive (ts) and null mutants. Earlier studies identified 
approximately 30 complementation groups (723) — an ex- 
traordinary accomplishment in itself given the difficulties 
inherent in the selection and testing of the numerous mu- 
tants produced by many laboratories. The ts mutants have 
been enormously helpful in mapping genes. Nevertheless, 
this approach to identification and mapping of viral func- 
tions suffers from several problems, i.e., (i) the phenotypes 
of viruses containing extensive mutations in some nonessen- 
tial genes cannot be readily differentiated from that of the 
wild-type parent, (ii) conditional lethal (e.g., ts) mutants 
produced by general mutagenesis of the viral genome may 
contain a large number of silent nonlethal mutations in both 
essential and nonessential genes, (iii) the phenotypes of 
mutations introduced into domains shared by more than 
one gene cannot be readily attributed to the malfunction 
of a specific gene product, and (iv) while the usefulness 
of ts mutants is in part dependent on their efficiency of 
plating at permissive and nonpermissive temperatures, tight 
mutants with high permissive/nonpermissive ratios may 
well contain more than one point mutation. Although the 
presence of multiple mutations in a single gene should not 
affect the mapping or identification of the gene function, 
it does present a problem in mapping the functional do- 
mains of the gene. 

An alternative to the random or fragment-specific substi- 
tution of bases in DNA is site-specific deletion of the viral 
genome. A protocol for site-specific insertion/deletion of 
viral genes was first reported by Post and Roizman (499). 



It was based on selection of recombinants generated by 
double recombination through homologous flanking se" 
quences between an intact viral DNA molecule and a DNA 
fragment containing an insertion or deletion and a 
selectable marker. The selectable marker used in these stud- 
ies was the viral TK gene (tk) because (i) it can be delet- 
ed from the HSV genome without affecting the growth of 
virus in cell culture, (ii) a plasmid-borne tk gene can be 
altered so that it cannot recombine by double crossover to 
repair the deletion in the genomic tk gene, (iii) viruses car- 
rying a functional tk gene can be selected against by plat- 
ing viral progeny in the presence of nucleoside analogs 
phosphorylated by the viral TK (e.g., AraT), and (iv) virus- 
es expressing the tk gene can be selected for by plating the 
virus in TK" cells in medium containing methotrexate or 
aminopterin, which block the conversion of thymidine 
monophosphate (TMP) from deoxyuridine monophosphate 
(dUMP) by thymidylate synthetase and precludes the de 
novo pathway of TMP synthesis. This procedure permits 
the selection of viable mutants with deletions or insertions 
in genes which appear to be nonessential for growth in 
cells in culture. Other investigators adapted the double 
crossover protocol for selection of mutants with deletions 
in essential genes (66,137,363). In this protocol, the gene 
to be deleted was transfected into and expressed in cells 
in culture, and the host cell line, i.e., the cells expressing 
the gene, was then transfected with intact viral DNA and 
the mutated DNA fragment. The progeny of transfection 
were screened for deletion mutants that multiplied only in 
the vector cell line. 

A still different protocol for insertional mutagenesis is 
based on the use of transposons (e.g., miniMu phage, Tn5) 
(285,558,718). Its principles were described first by Jenk- 
ins et al. (285), taking advantage of the random insertion 
of the DNA of phage miniMu into target plasmid DNAs. 
A miniMu phage was constructed containing a modified 
HSV-1 tk gene. Transposition of this miniMu into an HSV 
fragment is random and limited to one insert per plasmid 
copy. Transfection of intact tk~ viral DNA with an HSV 
DNA fragment containing random insertions of the mod- 
ified miniMu would result in recombinants in which the 
miniMu, which is randomly inserted into the viral DNA 
fragment, would become recombined at the identical po- 
sition in the viral genome. However, only the HSV genomes 
containing the miniMu sequences at nonessential sites mul- 
tiplied in cells in culture. 

Although the transposons have a technical advantage of 
reduced labor to produce the insertion mutants, they suf- 
fer from the fact that the target gene is not actually delet- 
ed and the site of insertion must be ascertained precisely 
since truncated genes may still yield a functional product. 

The genes known to be dispensable for growth in cells 
in culture are listed in Table 1. It should be stressed that 
most of the dispensable genes are required for replication 
in experimental animal systems and that in no instance has 
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a virus lacking a dispensable gene been isolated from 
human lesions (although viruses that fail to react with a 
specific monoclonal antibody are readily isolated). 

Genes dispensable for viral replication in cells in cul- 
ture fall into several groups whose products are involved 
in entry of HSV into cells, regulation of gene expression, 
posttranslational modification of proteins, exocytosis, in- 
hibition of host response to infection, and spread of virus 
from cell to cell. 

In a special category are deletion mutants whose abil- 
ity to multiply is cell species-dependent. One example of 
such mutants is the a22~ virus, which grows well in Vero 
and HEp-2 cell lines but not in human fibroblast strains 
or in rodent cell lines (603). In the nonpermissive cells, 
the virus fails to express 7 2 genes efficiently. Another ex- 
ample of a cell-specific gene is 7,34.5, which enables 
HSV to multiply in human cells but is dispensable in Vero, 
baby hamster kidney cells, and so forth. In the absence 
of the gene, there is total shut off of protein synthesis be- 
fore significant amounts of virus are synthesized 
(91,93,94). 

It could be predicted that viral genes which specify prod- 
ucts whose functions are identical and interchangeable with 
those of cellular genes would be dispensable, at least in 
cells which express these functions. In this category are 
the tk gene, the genes specifying ribonucleotide reductase, 
and so forth. The observation that some virion proteins are 
dispensable for infection and replication of virus at least 
in cell culture was very puzzling for many years. 

Although we cannot exclude the possibility that cells 
express proteins with similar functions which complement 
the deletion mutants, a more likely scenario is that cells in 
culture express many more genes than cells in situ in ani- 
mal organs. The exceptions to date are the polarized ep- 
ithelial cells and the neuroblastoma cells in which the gene 
products are sorted differently or which differ from other 
cells in culture with respect to the nature of the genes that 
are expressed. Herpes simplex virus may carry a set of 
genes which enables the virus to enter (e.g., the dispens- 
able glycoproteins), multiply (e.g., 7,34.5), or egress (e.g., 
U L 20) from a wide variety of human cells. Since these genes 
are not required for replication in all cells, there exists the 
formal possibility that functional analogs of the viral gene 
are encoded and may be expressed by cells. The obvious 
examples are the tk, ribonucleotide reductase, and so forth. 
The less obvious homologs are the cellular protein kinas- 
es which substitute for some of the viral enzymes, the ho- 
molog of U L 20 which enables virus to egress from a vari- 
ety of cell lines other than Vero cells, and so forth. The 
complexity involved in defining the function of 38 genes 
whose products are dispensable for viral replication in at 
least some cells in culture is significantly offset by the fact 
that these genes are excellent probes for analyses of cel- 
lular functions which at least in some instances comple- 
ment the missing viral function. 



Synthesis of Viral DNA 

Temporal Pattern of Synthesis 

A characteristic of herpesviruses not shared by other an- 
imal nuclear DNA viruses is that they specify a large num- 
ber of enzymes involved in DNA synthesis. Although the 
sequence of events in viral DNA replication is roughly 
known, many details are still lacking. In HS V-infected cells, 
viral DNA synthesis is detected at about 3 hr postinfection 
and continues for at least another 12 hr (272,553,554,562). 
The DNA is made in the nucleus (Fig. 9). Earlier studies 
relied on incorporation of labeled thymidine into viral 
DNA — a procedure that yielded biased results inasmuch 
as the deoxynucleotide triphosphate pool increases and be- 
comes saturated early in infection. Hence, the rate of viral 
DNA synthesis, as determined by the use of labeled de- 
oxynucleosides, appears to be highest relatively early in 
infection. Analyses of viral DNA synthesis by hybridiza- 
tion with specific probes suggest that the bulk of viral DNA 
is made relatively late in infection (272). 



Structure of Replicating DNA 

At least in HSV- 1 -infected cells, only a small portion of 
total input (parental) viral DNA is replicated (278). The 
DNA labeled during a pulse lacks free ends, i.e., it consists 
of circles or head-to-tail concatemers (277,278). Labeled 
precursors become incorporated into molecules banding 
at a higher density which sediment at a faster rate than in- 
tact double-stranded DNA. In alkaline sucrose density gra- 
dients, the bulk of the labeled DNA bands at a position ex- 
pected for small single-stranded fragments. Early after the 
onset of viral DNA synthesis, parental DNA, circles, and 
linear branched forms can be found in the DNA banding 
at the density of viral DNA. These are replaced late in the 
reproductive cycle by large, rapidly sedimenting bodies of 
tangled DNA. Available evidence suggests that, at least late 
in infection, herpesvirus DNAs replicate by a rolling circle 
mechanism (37,277). Attempts to find "theta" forms of 
replicating DNA early in infection have not been successful. 

Origins of DNA Replication 

The origins of DNA replication in the HSV genome were 
initially deduced from the structures of defective genomes 
(196,599) and have more recently been operationally de- 
fined as those sequences which must be present in a frag- 
ment of HSV DNA in order for it to be amplified in per- 
missive cells transfected with the fragment and either 
transfected or infected with helper virus (437,704). By this 
definition, HSV-1 and presumably HSV-2 each contain 
three origins of DNA replication. Two of the origins map 
in the c reiterated sequence of the S component between 



2250 / Chapter 72 




FIG. 9. Electron photomicrographs of thin-section autoradiography of HEp-2 cells infected with HSV. A: 
A 4-hr-infected cell pulse labeled for 15 minutes with 3 H-methyl thymidine prior to fixation. B,C: En- 
largements of nuclei prepared as in part A. D: Portions of three nuclei of 18-hr-infected cells labeled with 
3 H-methyl thymidine prior to infection. Unlabeled thymidine was present in the medium during and after 
infection. E,F: Electron micrographs of nuclei taken at higher magnifications. Note the aggregation of 
chromatin at the nuclear membrane. One of the cells in parts D and F did not synthesize DNA during the 
short labeling pulse, n, nucleus; c, cytoplasm; v, aggregation of virus-specific, electron-opaque materi- 
al. From Roizman and Furlong (557) and J. Schwartz and B. Roizman (unpublished micrographs). 



the promoters of a4 and all (ori s l) or a4 and ot47 (ori s 2) 
(29,131,437,665,666), whereas a third (orij maps in the 
middle of the L component sandwiched between the pro- 
moters of the B genes specifying the major DNA-binding 
protein (ICP8) and the DNA polymerase (373,725). 

The L component origin consists of an A+T-rich se- 
quence of 144 bp, forming a perfect palindrome (32 1 ,374, 
527,725). Because of its extensive dyad symmetry, it tends 
to be unstable in DNA fragments cloned in Escherichia 
coll The S component origin is smaller and contains a 
much shorter A+T-rich palindrome which is related to but 
lacks the complete dyad symmetry of ori L . It has been sug- 
gested that the structure of ori L enables bidirectional syn- 
thesis, whereas DNA synthesis initiated in ori s would be 
unidirectional (725). The existence or necessity for bidi- 
rectional synthesis of DNA remains to be established. Ear- 
lier studies have shown that ori L (494), and at least one ori s 
(377) but not both (633) are dispensable. More recently, 
Igarashi et al. (272) deleted both ori s sequences with little 



effect on viral yields or viral DNA accumulation in infected 
cells. The results indicate that none of the three origins is 
uniquely required for viral replication. Rather, if an origin 
is required for either initiation or maintenance of DNA syn- 
thesis, any one of the three origins will most likely suffice. 

All three origins, ori L and the two ori s , are situated be- 
tween transcription initiation sites. The locations of the ori- 
gins suggest that initiation of DNA synthesis might be 
rrafls-activated or at least enhanced by the changes in the 
local environment of the DNA due to transcription initia- 
tion events. In addition, it has been reported that a tran- 
script designated as Ori s RNA originates in the domain of 
the a22 and ot47 genes and runs across the origins coter- 
minally with ot4 mRNA (268). The Ori s RNA is detected at 
9 hr and later postinfection, i.e., coincident with peak rates 
and termination of synthesis of viral DNA. The initiation 
of Ori s RNA transcription is imprecise. A sequence 
[N(GTGGGTGGG) 2 (N < 10)] overlapping with the site of 
initiation of synthesis of the bulk of Ori s RNA binds a eel- 
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lular protein with an unusual property; the protein binds 
in a sequence-specific fashion the above sequence in the 
context of single- or double-stranded DNA or RNA. The 
cognate sequence is not present elsewhere in the viral 
genome, and the DNA binding activity is present in a va- 
riety of tissues (400,571). The significance and function 
of the Ori s RNA or of the cellular activity described above 
are unknown. 

A central question that concerns the origins is why there 
are three of them. Also, it seems appropriate to wonder why 
the origins are distributed in both components and quasi- 
symmetrically, i.e., in the middle of the L component and 
in the sequences flanking the S component, when in fact 
one origin appears to suffice. The number and distribution 
of origins are particularly puzzling because the bulk of the 
DNA is replicated as a rolling circle, obviating the need 
for de novo initiation of viral DNA synthesis at an origin 
each time a copy of viral DNA is made. 

Viral Proteins Involved in DNA Metabolism 

Herpes simplex virus specifies a large array of proteins 
involved in nucleic acid metabolism and DNA synthesis. 
These proteins fall into two categories, i.e., proteins that 
are essential for viral origin-dependent amplification of 
DNA, and enzymes involved in nucleic acid metabolism 
[e.g., TK, ribonucleotide reductase, deoxyuridine triphos- 
phatase (dUTPase), uracil glycosylase, and alkaline ex- 
onuclease] which for the most part appear not to be es- 
sential for viral growth in cells in culture. Contrary to early 
reports, topoisomerases do not appear to be encoded by 
HSV-1 ; the virus utilizes the pi 70 form of the host topoi- 
somerase II (156). 

Viral Proteins Essential for Origin-Dependent DNA 
Synthesis 

Much of the initial evidence for viral proteins essential 
for DNA synthesis emerged from studies of the defects in 
DNA'ts mutants. More recently, the genes whose products 
are essential for DNA synthesis were identified by trans- 
fecting cells with a plasmid containing an origin of DNA 
synthesis and various fragments of the HS V genome. These 
studies identified seven genes mapping in the L compo- 
nent (open reading frames U L 5, 8, 9, 29, 30, 42, and 52) 
required for viral origin-dependent DNA synthesis. The 
seven genes specify a DNA polymerase (U L 30) with an ap- 
parent molecular weight of 140,000 (86,103,237,259,305, 
306,500), a single-strand specific DNA-binding protein 
designated as ICP8 (U L 29) with an apparent molecular 
weight of 124,000 (84,99,109,287,387,394,500,525,580, 
745), a protein binding to as many as three sites at or near 
the origin of viral DNA synthesis (U L 9) (160,161,323,324, 
465) with a translated molecular weight of 94,000 (161), 
a protein which binds to double-stranded DNA and con- 



fers processivity on the DNA polymerase (U L 42) with a 
molecular weight of 62,000 (389,402,475,745), and three 
additional proteins (U L 5, predicted molecular weight of 
99,000; U L 8, predicted molecular weight of 80,000; and 
U L 52, predicted molecular weight of 1 14,000). These three 
proteins form a complex in which each protein is present 
in equimolar ratios and which functions as a primase and, 
in the presence of ICP8, also as a helicase (1 19). 

The DNA polymerase, the product of U L 30 (GJ in par- 
ticular has been the object of numerous studies because of 
its unusual sensitivity to a variety of compounds [e.g., phos- 
phonoacetate (PAA) and phosphonoformate]. In HSV DNA 
polymerase, ts mutants have been described (87,103,516, 
5 1 7), and some have been found to be resistant to a vari- 
ety of drugs inhibitory to wild-type viruses, including PAA 
(87,287,517) and nucleoside analogs (e.g., acycloguano- 
sine) (118). The DNA polymerase forms a complex (1:1) 
with the product of the U L 42 gene (244). 

ICP8 (6,) has also been extensively investigated, partic- 
ularly by Knipe et al. (204,217-219,352,353,525,526) and 
by Ruyechan (579,581,583). The protein has an apparent 
molecular weight of approximately 120,000. It has an affin- 
ity for and binds cooperatively to single-stranded DNA 
(5 18,580). The ts mutants in this gene fail to synthesize 
viral DNA at the nonpermissive temperature (108,219), as 
do deletion mutants in cells which do not provide ICP8 in 
trans (468). ICP8 appears to be essential in anchoring the 
polymerase to the replication complexes and appears to in- 
teract specifically with U L 9 origin-binding protein (52,204). 
The protein promotes renaturation of cDNA strands and 
strand transfer — a key function for a high level of recom- 
bination in infected cells (55,154). 

Dimers of the origin-binding protein (U L 9) bind to the 
sequence CGTTCGCACTT or its derivatives at three un- 
equal sites with decreasing affinity (159,324). The sites 
flank the AT-rich sequences in the origins. The binding is 
cooperative, and the order of binding to these sites (desig- 
nated as I, II, and III) reflects the affinity of the protein for 
each site. The bound U L 9 protein binding to two sites loops 
and distorts the intervening AT-rich sequences (323). The 
looping is independent of the phasing of the binding sites. 
In contrast, the required distortion is dependent both on 
the position of the binding sites and the free energy of su- 
percoiled DNA. The origin-binding protein has been shown 
to be an ATP- or dATP-dependent helicase, unwinding 
DNA in the 3' to 5' direction. The helicase activity is in- 
creased in both rate and extent by ICP8 (52). 

Relevant to the role of U L 9 and the origins of HSV DNA 
replication is the report that transfection of cells with plas- 
mids encoding six (U L 5, U L 8, U L 29, U L 30, U L 42, and U L 52) 
of the seven proteins essential for viral replication is suf- 
ficient to induce the amplification of SV40 DNA inte- 
grated into cellular chromosomes but not HSV DNA syn- 
thesis (241). The U L 9 gene was dispensable. While the 
results are convincing, the interpretation of these results 
is far from clear. The key issue is whether cellular pro- 
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teins (or T-antigen) direct the viral gene products to spe- 
cific sites analogous to the function attributed to U L 9 or 
whether the viral proteins produced changes in cellular 
chromosomes that resulted in cellular DNA synthesis. 
While the Heilbronn et al. (241) report could be construed 
as supporting the hypothesis that the U L 9 protein modifies 
the AT-rich sequence at the origin and enables the assem- 
bly of the proteins required for initiation of viral DNA syn- 
thesis, it casts a pall on the notion that the seven viral pro- 
teins listed above are all that is required for viral DNA 
synthesis. If, in fact, the six proteins encoded by U L 5, U L 8, 
U L 29, U L 30, U L 42, and U L 52 interact with cellular proteins 
^amplify the cellular DNA, the failure to replicate viral 
DNA in vitro by the seven proteins cannot be attributed 
solely to failure to find the right buffer composition for the 
reaction mixture. 



Proteins Involved in Nucleic Acid Metabolism and Not 
Essential for Viral DNA Synthesis in Cells in Culture 

Other proteins undoubtedly play a role in processing, 
cleavage, and packaging of the genomic viral DNA, as well 
as in the production of precursors of DNA synthesis; for 
example, as described below, the alkaline DNAse is not 
among the seven essential genes and appears to play no 
role in DNA synthesis (724), notwithstanding reports to 
the contrary (194,443). 

Alkaline DNAse activity in infected cells was first re- 
ported in 1963 (306). The gene has been mapped by tran- 
sient expression in oocytes (503) and by the use of HSV- 
1 X HSV-2 recombinants (26) to a site corresponding to 
U L 12 (402). The protein is encoded by a 2.3-kb mRNA 
(150) and has a predicted translated molecular weight of 
67,503 (402) and an apparent molecular weight of 80,000 
to 85,000 (27). It has been reported that U L 12 is required 
for egress of capsids from the nucleus (612). While it can 
be rationalized that the function is required to enable cap- 
sids to make their way through marginated chromosomes 
at the inner nuclear membrane, it would be useful to know 
whether the mutation on which this conclusion is based 
does not affect the expression of a U L 1 1 since deletion 
mutant in U L 1 1 had a similar phenotype (20). The alka- 
line DNAse accumulates in large amounts in nuclear dense 
bodies shown to contain proteins derived from the nucle- 
olus (524). 

Thymidine kinase is one of the most studied viral pro- 
teins. A unique characteristic of TK is that its substrate 
range is far greater than that of its host counterpart. Al- 
though it has been designated as a deoxypyrimidine kinase, 
it in fact phosphorylates purine pentosides and a wide di- 
versity of nucleoside analogs that are not phosphorylated 
efficiently by cellular kinases (28 1 ,3 1 0,3 1 8). This charac- 
teristic of TK is the basis for the effectiveness of various 
nucleoside analogs in the treatment of experimental and 
natural herpesvirus infections. The observation that TK is 



essential for normal virus multiplication in experimental 
infections (1 86,687) but not in cell culture (3 1 1) is the basis- - 
of much of the probing of the HSV genome structure done 
in recent years (490,498,499). Mutants in the tk gene fall 
into several groups. Some fail to produce functional TK 
altogether, whereas others either make reduced amounts 
of enzyme or an enzyme with an altered substrate speci- 
ficity which is resistant to the analog used in the selection 
process (126,186,502,674). 

The ribonucleotide reductase encoded by HSV-1 con- 
sists of two proteins. The large subunit, ICP6 (260,261,270, 
510) has an apparent molecular weight of 140,000 and a 
predicted translated molecular weight of 124,043 (402). 
The small subunit has an apparent molecular weight of 
38,000 (16,5 10) and a predicted translated molecular weight 
of 38,017 (402). The two proteins are encoded by 3' coter- 
minal mRNAs of 5.0 kb for the large subunit and 1 .2 kb 
for the small subunit (12). The two proteins are tightly as- 
sociated in a a262 complex (16,17,275), and both subunits 
are required for activity (16,191,264). Ribonucleotide re- 
ductase functions to reduce ribonucleotides to deoxyri- 
bonucleotides, creating a pool of substrates for DNA syn- 
thesis. The viral enzyme is not essential for growth in 
actively dividing cells maintained at 37°C (123,220). How- 
ever, it is required for efficient viral growth and DNA repli- 
cation in nondividing cells or in cells maintained at 39.5°C 
(221,510), indicating that, at 37°C, actively dividing cells 
can complement the viral function. 

The uracil DNA glycosylase encoded by HSV presum- 
ably functions in DNA repair and proofreading. Uracil 
DNA glycosylase acts to correct insertion of dUTP and 
deamination of cytosine residues in DNA; the extremely 
high G+C content of HSV DNA makes this an important 
element of error correction in HSV DNA replication. The 
HSV-induced uracil DNA glycosylase has been identified 
by Caradonna and Cheng (78), and its coding domain was 
initially mapped to between 0.065 and 0.08 map units (79), 
corresponding to the U L 2 open reading frame (402). Sub- 
sequent in vitro translation experiments definitively iden- 
tified U L 2 as the uracil DNA glycosylase gene (744). The 
protein has an apparent molecular weight of 39,000 (79) 
and a predicted translated molecular weight of 36,326 (402). 
The gene has been deleted and is nonessential for growth 
of the virus in culture (446). 

Deoxyuridine triphosphate nucleotidohydrolase (dUT- 
Pase) acts to hydrolyze dUTP to dUMP, providing both a 
mechanism to prevent incorporation of dUTP into DNA 
and a pool of dUMP for conversion to dTMP by thymidy- 
late synthetase. An HSV-encoded dUTPase has been iden- 
tified (78,740); contrary to early reports (740), the puri- 
fied enzyme is specific for the hydrolysis of dUTP (737). 
The viral gene has been mapped to 0.69 to 0.70 map units 
by transient expression (509), corresponding to the U L 50 
open reading frame (402). In HSV-l(17)ttK, a mutant in 
ICP4 used for analyses of gene regulation, dUTPase ac- 
tivity appears to be lacking (127). The dUTPase gene has 
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subsequently been shown to be nonessential for growth of 
the virus in tissue culture (187). 

Assembly of Capsids 

Capsids are assembled in the nucleus (Figs. 1 and 4). 
The steps in the assembly have not been defined, although 
capsids have been assembled in vitro from capsid proteins 
made in insect cells by baculoviruses carrying the genes 
specifying capsid proteins (691). Viral DNA is packaged 
into preformed capsids containing the protease specified 
by U L 26 and the scaffolding protein (the products of self- 
digestion of the U L 26 protein and of the substrate speci- 
fied by U L 26.5 (144,368-371). 

The assembly of full capsids containing DNA requires 
the participation of numerous noncapsid proteins as well. 
These include at the very least the products of U L 6, U L 15, 
U L 25, U L 28, U L 32, U L 33, U L 36, and U L 37 genes (8,10,96, 
189,495,539,618,619,686). 

Cleavage and Packaging of HSVDNA 

Newly synthesized viral DNA is "processed" and pack- 
aged into preformed capsids. "Processing" involves am- 
plification of a sequences and cleavage of viral DNA lack- 
ing free ends, i.e., in circular or head-to-tail concatemeric 
form. Associated with the processes of DNA replication, 
cleavage, and packaging is the isomerization of the DNA. 
There is considerable genetic evidence that cleavage and 
packaging of DNA are linked processes (344,345). The 
data on the isomerization of the DNA has come from three 
sources: (a) analyses of the termini of standard viral 
genomes (129,436,438), (b) analyses of termini of viral 
genomes containing insertions of additional a sequences 
(98,435,701), and (c) studies on amplicons (plasmids con- 
taining an origin of viral DNA synthesis and one or more 
a sequences which are amplified and packaged with the 
aid of a helper virus) (133,134,638,704,705). 

The net result of the process of cleavage of standard 
genomes from concatemers is the generation of a free S 
component terminus consisting of one a sequence with a 
terminal DR1 sequence, containing only a single base pair 
and one 3' nucleotide extension (436), and a free L com- 
ponent terminus, consisting of one to several directly re- 
peated a sequences and ending in a DR1 containing 18 bp 
and one 3 ' nucleotide extension. Upon circularization of 
the DNA following entry into cells, the two partial DR1 
sequences together would form one complete DR1 shared 
by two a sequences. In the reverse process of linearization 
of viral DNA for packaging, cleavage of endless (circular 
or concatemeric) DNA occurs asymmetrically within a sec- 
ond DR1 distal from the c sequence and, in an ideal case, 
shared by two a sequences. Junctions containing a single 
a sequence are cleaved (134). The results of such studies 
have been interpreted to indicate either that the sequence 



xay is cleaved to yield xa and y and the y product is pro- 
cessively degraded along the DNA to the next a sequence 
or that the cleavage simultaneously yields both xa and ay 
by amplification of the a sequence during the cleavage 
process (133,134,701). Parenthetically, there is little doubt 
that DNA lacking a terminal a sequence could be degrad- 
ed, but inasmuch as nearly 50% of the L-S component junc- 
tions are of the bac type, i.e., have a single a sequence, a 
hypothesis whose logical extension is that 50% of newly 
synthesized DNA is degraded during packaging, does not 
make biologic sense. 

Deiss et al. (133) analyzed the cleavage and packaging 
of a series of amplicons. Those lacking the U b sequence 
were amplified and packaged, but they acquired an intact 
a sequence from the helper virus. Those lacking the U c se- 
quence were not subject to cleavage-packaging. Further- 
more, U b and U c contain domains conserved in several her- 
pesviruses and which were designated pad and pac2, 
respectively. The model (133) that best fits the data, pre- 
sented here in a slightly modified form (Fig. 10), consists 
of several steps: (i) a cleavage-packaging protein attaches 
to the U c sequence; (ii) a putative structure on the surface 
of the capsid complexes with a U c bound protein sequence, 
loops the viral DNA, and scans from the bound a sequence 
(a,) across the L component toward the end of the S com- 
ponent until it detects the first U c domain of an a sequence 
in an identical orientation; (iii) in the juxtaposed a se- 
quences, the DR1 sequence of one a is cleaved and the gap 
is repaired, resulting in the generation of an a sequence by 
the mechanism proposed by Szostak et al. (679) to explain 
recombinational events resulting in gene conversion; and 
(iv) cleavage then occurs in the DR1 shared by the two a 
sequences. In this model, the a sequences in the internal 
inverted repeats play no role in the packaging of the unit- 
length molecule, consistent with the observation that HSV- 
1 DNAs from which the internal inverted repeats are delet- 
ed do package effectively. 

The packaging component of the model of Deiss et al. 
(133) predicted that the length of the packaged DNA be 
defined by the distance between two directly repeated a 
sequences. However, defective genomes consisting of 17+ 
direct reiterations of a unit consisting of an Ori s and an a 
sequence are readily detected in virions of HSV stocks de- 
rived by serial passages at relatively high multiplicities 
(196). These observations are consistent with the hypoth- 
esis that, besides the scanning mode, there is a "head-full" 
recognition element which selects the juxtaposed a se- 
quence once a threshold amount of DNA has been pack- 
aged. Shorter fragments of HSV DNA are packaged into 
capsids, but these capsids do not become enveloped (705). 
A hypothesis that may explain the apparent contradiction 
is that packaging aborts when the DNA reeled into the cap- 
sid is smaller than full length, but that the capsid does not 
disgorge the packaged fragment. 

The viral proteins responsible for the cleavage-packag- 
ing event have not been identified. However, (a) Chou and 
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FIG. 10. Packaging of HSV-1 DNA. The current model de- 
veloped by N. Frenkel and associates is described in Deiss et 
al. (133) and in the text. The model requires that (a) proteins 
attach to components of the a sequence, probably U c ; (b) 
empty capsids scan concatemeric DNA until contact is made 
in a specific orientation with the first protein-U c sequence (cap- 
sid A); the DNA is than taken into the capsid B until a "head 
full" or contact is made with an a sequence whose nucleotide 
arrangement is in the same orientation (i.e., one genome equiv- 
alent in length away) is encountered (capsid C); the packag- 
ing signal requires nicking of both strands from signals on op- 
posite sites of a DR1 sequence. In the absence of two adjacent 
a sequences (capsid D), the juxtaposition of the a sequences 
would results in duplication of the a sequence (capsid E), as 
described by Deiss et al. (133). 



Roizman (96) have identified two viral proteins that form 
a sequence-specific complex with the portions of the U c 
sequence containing pac2, (b) capsids contain a protein 
which binds viral DNA (VP19C or ICP32) (60), (c) Wol- 
htrab et al. (741) reported that the a sequence is specifi- 
cally cleaved by virus-induced endonuclease, and (d) Table 
1 lists numerous genes whose products appear to play a 
role in the cleavage-packaging of viral DNA. 

Inversions of the L and S Components 

The isomerization of HSV DNA resulting from the in- 
version of the L and S components relative to each other 
is an intriguing, tantalizing feature of the HSV genomes 
shared with only a few other herpesviruses. 

In its circular form, the HSV genome forms two iso- 
mers, each containing two L-S component junctions. Cleav- 
age of one circular isomeric form at the two junctions would 
yield the P and I SL arrangements, whereas the correspond- 
ing cleavages of the other circular isomer wtfuld yield the 
I s and I L isomers. Generation of the I s and I L arrangements 
from the first circular isomeric form would require inver- 
sion of either the S or the L component through the in- 
verted repeat sequences. 

Fundamentally, there are several issues. First, inversion 
of covalently linked components is not a property of all 
herpesvirus genomes. Second, the physiologic function of 
the inversions is not clear inasmuch as genomes frozen in 
one orientation as a consequence of deletion of internal in- 
verted repeats are viable (286,490). However, all wild-type 
isolates examined to date do contain the inverted repeat se- 
quences, and viruses lacking internal inverted repeats have 
a reduced capacity for growth in animal tissues. Third, in- 
sertion of the junction between the L and S components, 
and especially of the 500-bp a sequence, results in addi- 
tional inversions of DNA segments contained between in- 
verted repeats of a sequences (98,435,436,438). Deletion 
analyses have shown that inversions are associated with 
the sequences DR2 and DR4; deletion of these sequences 
results in a gross reduction in the inversion frequency (98). 
Lastly, inversion of viral DNA segments flanked by other 
domains of the genome or inversion between repeated for- 
eign DNA sequences was observed in some instances but 
not in others. In the case of fragments duplicated in dif- 
ferent components of the HSV DNA, the segment of the 
genome flanked by the inverted repeats does not invert 
(435,498). DNA fragments flanked by inverted repeats con- 
tained in the same component do invert. In some instances, 
the inversions were accompanied by a high-frequency gene 
conversion (492). Weber et al. (717) reported that inver- 
sions of DNA segments flanked by inverted Tn5 transpo- 
son elements resulted from recombination events through 
homologous sequences and was not the consequence of a 
recombinational event mediated at a specific cis-acting site 
by /raws-acting viral proteins. Thus, inversions of ampli- 
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fied DNA sequences flanked by inverted Tn5 sequences at 
least 600 bp or longer were noted in cells transfected with 
the genes specifying the seven proteins required for viral 
DNA synthesis. As in the case of amplicons containing two 
a sequences in an inverted orientation (436), inversions 
were not observed in the absence of DNA synthesis. 

The central issue is not that DNA sequences flanked by 
inverted repeats tend to invert as a consequence of ho- 
mologous recombination, but rather the frequency of such 
inversions and the specificity of the process in infected 
cells. The DNA extracted from a plaque generated by a sin- 
gle virus particle, presumed to be in one arrangement of 
DNA, contains all four isomers of HSV DNA in equimo- 
lar concentrations. In the case of DNA segments flanked 
by inverted repeats of nonj unction fragments, the fraction 
of the genomes showing inversions even after many seri- 
al passages is seldom more than a small fraction of the 
total. A more careful analysis by Dutch et al. (153,155) 
showed that DNA flanked by inverted a sequences had a 
higher rate of inversion than DNA flanked by non-a se- 
quences of equal length. These studies also demonstrated 
that the sequence required for this process was a 95-bp se- 
quence containing DR1 and U c . Bruckner et al. (61) re- 
ported the partial purification of an activity mediating in 
vitro recombination between repeated copies of the a se- 
quence and concluded that the recombination proceeds by 
a site-specific mechanism. 

Viral Membrane Proteins, 
Virion Envelopment, and Egress 

Appearance of Modified Nuclear 
Membranes in Infected Cells 

The hallmark of infected cells late in infection is the ap- 
pearance of reduplicated membranes and thick, concave 
or convex patches, particularly in nuclear membranes (Fig. 
6) (1 1 1,166,356,401,439,454,600,601,624,743). Nuclear 
envelopment takes place at these patches. Because the en- 
veloped virions do not contain detectable amounts of host 
membrane proteins, it is likely that the patches represent 
aggregations of viral membrane proteins, presumably in- 
cluding the viral glycoproteins on the outside surface and 
anchorage and tegument proteins on the inside surface. 

Processing of HSV Glycoproteins 

The general pattern of the biosynthesis of herpesvirus 
glycoproteins appears to follow that of eukaryotic cell gly- 
cosylated proteins (74,640). Specifically, nonglycosylat- 
ed precursors of herpesvirus membrane proteins are syn- 
thesized on polyribosomes bound to the rough endoplasmic 
reticulum. Glycosylation includes translational and post- 
translational events. Thus N-linked glycosylation is initi- 
ated by transfer of preformed glycans [(glucose) 3 -mannose- 



(N-acetylglucosamine)J from a dolichol phosphate lipid 
carrier to asparagine residues in the sequence Asn-X- 
Thr/Ser (X can be almost any amino acid) of a nascent 
polypeptide (362,391,680). During transit through the Golgi 
apparatus, the oligosaccharide chains are trimmed by glu- 
cosidases, mannosidases, and so forth to yield a polyman- 
nosyl chain frequendy referred to as the high-mannose gly- 
cans (267,649). The high-mannose glycans are frequently 
converted by glycosyl transferases to complex glycans 
which consist of a pentasaccharide core [(mannose) 3 -(N- 
acetylglucosamine) J and a number of side chains (anten- 
nae) with the composition of sialic acid-galactose-glu- 
cosamine. Fucose, when present, is usually added to the 
completed side chains (267). O-linked glycosylation oc- 
curs less frequently than N-linked glycosylation 
(74,292,453,466,620,640); it is initiated by the transfer of 
N-acetylgalactosamine to the hydroxyl group of threonine 
or serine and is followed by the addition of galactosamine, 
N-acetylglucosamine, fucose, and sialic acid in the Golgi 
apparatus (38). The extent of glycosylation and the struc- 
ture of complete glycans is affected by the conformation 
of protein around the glycosylation site, inasmuch as much 
as the structure affects access by enzymes involved in pro- 
cessing. Conformation of the protein may also explain the 
heterogeneity of glycans attached to a given protein. 

Current information on the structure of the HSV gly- 
cans has been summarized in detail elsewhere (74,640). 
Thus N-linked high-mannose, O-linked, and complex het- 
erogeneous glycans have all been reported to exist in gly- 
coproteins specified by HSV-1 . There is no evidence to 
date that processing of nonglycosylated precursors to the 
fully glycosylated stage requires the synthesis of virus- 
specified enzymes, although the data do not specifically 
exclude the possibility that the virus encodes at least some 
enzymes whose functions are similar to those of the host. 

Nothing is known regarding the function and require- 
ments for O-linked glycosylation of herpesvirus glyco- 
proteins. N-linked glycosylation is required for infectivi- 
ty, inasmuch as blocking of N-linked glycosylation by 
tunicamycin blocks the accumulation of glycosylated pro- 
teins and of enveloped virus (480,485,487). Conversion of 
high-mannose glycans into complex-type glycans appears 
to be required for the egress of the virus from the infected 
cell but not for infectivity (72,291,327,61 1). 

There is considerable evidence that, after synthesis, the 
viral glycoproteins are transported to the plasma membrane 
and can be found in all cytoplasmic membranes of the cell. 
The viral glycoproteins in the cellular membranes are major 
targets of the immune response to the virus. Several au- 
thors reported that, when viral glycoproteins are specified 
by genes resident in the environment of the cells, matura- 
tion and transport occur faster than when the proteins are 
specified by genes resident in the viral genome and are ex- 
pressed during infection (14). The difference may simply 
reflect timing and intracellular traffic congestion. In cells 
expressing both a glycoprotein gene resident in the cellu- 
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lar genome and the corresponding gene resident in the viral 
genome, the former gene is expressed earlier; the glyco- 
sylation and transport of this protein does not compete with 
that of abundant viral glycoproteins made later from tran- 
scripts of genes resident in the viral genome. 

Properties of Minor Glycosylated and 
Nonglycosylated Membrane Proteins 

McGeoch et al. (402) predicted that the products of 
U s 9, U L 10, U L 20, U L 43, and U L 53 are membrane proteins. 
U L 53 has been shown to encode glycoprotein K (271,529). 
U L 10 encodes an abundant dispensable glycoprotein (gM) 
associated with both cellular membranes and virion en- 
velopes (19,22). Current studies (J. Baines and B. Roiz- 
man, in preparation) suggest that the protein contains sev- 
eral transmembrane domains and that at least two short 
loops accessible to proteases project from the surface of 
the cell. One of the loops contains a single glycosylation 
site which is apparently used. Deletion mutants are im- 
paired in growth properties. 

U L 20 is dispensable. In cells infected with wild-type 
virus, the product of the gene is made in relatively small 
amounts; it is highly hydrophobic, appears to be associated 
with membranes, and does not appear to be glycosylated 
(23,712). Preliminary observations suggest that it local- 
izes in nuclear membranes, the intermediate compartment, 
and the Golgi but not in the plasma membrane. The prop- 
erties of the deletion mutant are described below. 

U L 43 presents a special problem in that the domain of 
the gene is poorly defined. The transcription initiation site 
is unknown, and the TATAA box is only a few nucleotides 
away from the putative translational initiation site. MacLean 
et al. (385) reported that the open reading frame as defined 
by McGeoch et al. (402) is dispensable without effect on 
viral replication. L. Kaplan, D. Barker, and B. Roizman 
(unpublished results) also deleted the sequences assigned 
to this open reading frame. Although a gene product could 
not be demonstrated by immunoblotting of ly sates of cells 
infected with a mutant containing an in-frame insertion of 
an epitope, as has been done for other open reading frames 
(95,371), immunofluorescence studies demonstrated the 
presence of an antigen which appeared to be associated 
with Golgi (R L. Ward and B. Roizman, in preparation). 

In addition to these proteins, two others have recently 
been shown to associate with membranes. The product of 
the membrane protein encoded by U L 34 has been described 
above in connection with its phosphorylation by the U s 3 
protein kinase. The association of the U L 24 gene product 
with membranes is based on the observation that deletions 
within the domain of the gene cause infected cells to fuse 
(280). Several lines of evidence suggest that HSV mem- 
brane proteins form specific complexes. The existence of 
one complex, the Fc receptor formed by glycoproteins E 
and I, can be deduced from the observation that mono- 



clonal antibody to either precipitates both glycoproteins 
(288). Similarly, it has-been reported that gH associates 
withgL (U v l)(271). 

Nothing is known of the mechanism by which viral gly- 
coproteins enter nuclear membranes. One facile (and pos- 
sibly incorrect) explanation is that viral membrane proteins 
are made on rough endoplasmic reticulum and are translo- 
cated laterally to the contiguous nuclear membrane. 



Envelopment 

Nuclear DNA-containing capsids attach to patches of 
modified inner lamella of the nuclear membrane and be- 
come enveloped in the process. The emphasis on "DNA- 
containing" stems from electron microscopic observations 
which show that envelopment of empty capsids occurs 
rarely, although there is no evidence that "full" capsids al- 
ways contain a full-length molecule of HSV DNA (557). 
As discussed above, Vlazny et al. (705) demonstrated that 
capsids containing fragments of HSV DNA tess than stan- 
dard genome length are retained in the nucleus. A plausi- 
ble explanation for this phenomenon is that capsids con- 
taining DNA become modified and acquire affinity for 
membrane tegument structures in nuclei. Conceivably, cap- 
sids totally lacking this putative modification are unable 
to bind to the underside of the thickened patches contain- 
ing viral proteins in the nuclear membranes. 

There is general agreement that the inner lamella is the 
site of initial envelopment (Fig. 6). However, even curso- 
ry examinations of thin sections of infected cells elicits the 
rediscovery that envelopment occurs in the cytoplasm since 
the cytoplasm abounds in capsids juxtaposed to patches of 
modified cytoplasmic membranes in the process of envelop- 
ment or deenvelopment. Stackpole (650) is the originator 
of the idea that the capsids become enveloped at the inner 
lamella, deenveloped at the outer lamella, reenveloped by 
the endoplasmic reticulum, and released in the extracellular 
environment either by envelopment at the plasma membrane 
or by fusion of vesicles carrying enveloped virus at the 
plasma membrane. The large number of particles seemingly 
undergoing cytoplasmic envelopment makes a strong case 
for this model. However, thin sections showing capsids 
being enveloped at the nuclear membranes are extremely 
rare, suggesting that the process of envelopment is very 
rapid. Since every capsid undergoing putative envelopment 
in the cytoplasm must have been enveloped and deen- 
veloped in transit through the nuclear membranes, the dis- 
parity in the numbers of capsids being enveloped at nuclear 
and cytoplasmic membranes suggest that either (a) the rate 
of envelopment at the nuclear membranes is significantly 
faster than that at the cytoplasmic membranes or (b) that 
the capsids in juxtaposition to cytoplasmic membranes are 
artifacts and represent capsids that are deenveloped or ar- 
rested in their movement through membranes. The key 
question of whether the cytoplasmic, semienveloped cap- 
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sids are in fact in the process of being enveloped rather 
than arrested, i.e., transient structures resulting from deen- 
velopment, cannot be answered by electron microscopic 
snapshots anymore than the plot of a motion picture can 
be deduced by viewing the prints of a few random frames. 
It is of interest to note that electron micrographs published 
in a recent study which strongly defended the serial en- 
velopment hypothesis showed that some of the capsids un- 
dergoing cytoplasmic envelopment were in fact partially 
degraded, as evident from the protruding DNA (726). 

One hypothesis for the abundance of partially enveloped 
structures at cytoplasmic membranes is that virions con- 
tained in the endoplasmic reticulum attach to receptors and 
reinfect the cell from within, but unlike capsids which be- 
come deenveloped at the plasma membrane during entry, 
the capsids entering the cytoplasm by fusion of envelopes 
with membranes of transport vesicles may not transport- 
ed to the nuclear pore. Thus the capsids deenveloped at the 
plasma membrane are most likely transported to the nu- 
clear pores by specific elements of the cytoskeleton. These 
connections may not be available for capsids entering cy- 
toplasm through transport vesicles. It is of interest that cy- 
toplasmic semienveloped capsids are prevalent in contin- 
uous cell lines but less frequent in infected primary human 
diploid cells (B. Roizman, unpublished observations). 

Translocation of Virions Across 

the Cytoplasm to Extracellular Space 

Following envelopment, virions accumulate in the space 
between the inner and outer lamellae of the nuclear mem- 
brane. In the cytoplasm, intact enveloped particles are usu- 
ally seen inside structures bounded by membranes 
(128,601). This observation is not surprising, inasmuch as 
structures bounded by membranes with surface glycopro- 
teins are not likely to fare well unprotected in the cyto- 
plasm. In two-dimensional sections, these structures ap- 
pear to be vesicles; in a few electron micrographs, tubular 
structures have been seen, and the probability exists that, 
in some cells, the cisternae of the endoplasmic reticulum 
extend to the plasma membrane (601). 

There is a general expectation that (a) virions must pass 
through Golgi as they traverse the cytoplasm and (b) the 
sorting of virions is mediated by cellular machinery. In- 
deed, Johnson and Spear (291) proposed, in part on the 
basis of studies done with monensin, that virions are se- 
creted via the Golgi apparatus following a pathway simi- 
lar to that taken by secreted soluble proteins. Several ob- 
servations suggest that the situation may be more complex 
and that HSV controls and at the very least directs traffic 
through the infected cell. 

1. In cells defective in processing of high-mannose to 
mature glycoproteins, infectious virions accumulate 
but are not transported into the extracellular space 
(25,72). 



2. Virions made in cells infected with mutants in gH and 
carrying the mutated glycoprotein are not translocat- 
ed into the extracellular space. Conversely, the translo- 
cated virions do not contain gH (142). It is tempting 
to deduce from this study that the mutated gH exhibits 
a retention sequence which precludes the transloca- 
tion of the virion. 

3. Deletion mutants in U L 20 replicate and form plaques in 
human 143 cells but not in Vero or HEp-2 cells. In Vero 
cells, infectious virus accumulates in the space between 
the inner and outer lamellae, and transport vesicles nor- 
mally associated with virion traffic across the cytoplasm 
are lacking. Moreover, U L 20" virus does not form 
plaques, which is concordant with the absence of viri- 
ons in the extracellular space (23). Additional studies 
showed that (a) purified virions were significantly en- 
riched with high-mannose glycoproteins; (b) the total 
cell glycoproteins exhibited a ratio of fully processed 
to high-mannose glycoproteins similar to those of wild- 
type infected cells, and the processed glycoproteins con- 
tained terminal sialic acid, suggesting that the viral gly- 
coproteins not associated with virions are sorted at least 
through the trans-Golgi; and (c) infected cell plasma 
membranes contained significantly less glycoprotein 
than cells infected with wild-type virus (15). 

4. Virions in or associated with Golgi have been seen but 
rarely. In light of the large number of virions produced 
in the infected cells, either the processing through Golgi 
is extremely rapid, or Golgi enzymes are translocated 
from the Golgi to the transport vesicles. Part of the so- 
lution of this riddle may stem from the observation 
that the Golgi is fragmented and dispersed throughout 
the cytoplasm in infected Vero or HEp-2 cells (69). 
The evidence suggests that U L 20 is essential primari- 
ly in cells in which the Golgi is fragmented and that, 
in these cells, it enables the traffic from the outer nu- 
clear membrane to the Golgi and from the trans-Golgi 
to the plasma membrane. 

5. Both gE and gl, besides being required for entry 
through the membranes of polarized epithelial cells, 
also play an essential role in the basolateral spread 
of virus in those cells (A. Bloom, K. Rott, A. Sears, 
and B. S. McGwire, in preparation) and enhance cell- 
to-cell spread in nonpolarized cells (145). It is con- 
ceivable that the virus employs several different gene 
products to ensure full processing of glycoproteins and 
safe transport across the cytoplasm to the appropriate 
cell surface. 

Superinfection of Infected Cells 

In cells infected with a mutant mapping in the S com- 
ponent, but not in cells infected with wild-type virus, empty 
capsids accumulated in large numbers at the outer surface 
of the nuclear membrane, suggesting the possibility that 
HSV encodes a function to prevent reinfection of cells, 
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particularly with virus which had been released from those 
cells (693). This function has been attributed to gD (70,71, 
73). Indeed, cells expressing gD allow attachment, but the 
virus is endocytosed and destroyed. Treatment of the cells 
with antibody to gD renders the cells susceptible to infec- 
tion. Mutants capable of infecting these cells were readily 
isolated and were found to map foremost in gD, but also 
in other, as yet unidentified viral genes (56,70,73). 

A most interesting, and potentially significant, finding 
was that clones of baby hamster kidney cells were found 
to vary with respect to their ability to express a genes, and 
indications are that they vary with respect to their suscep- 
tibility to infection. Mutations which confer the capacity 
to infect these cells, albeit at variable efficiencies, also map 
at least in part in gD (572). 

The model that best fits the available data is that cells 
may express at least two surface receptors for entry of HSV 
into cells. One receptor has an affinity for gD and is se- 
questered by wild-type gD. In cells expressing gD, this re- 
ceptor becomes available to incoming wild-type virus by 
pretreatment of the cells with antibody to gD. The other, 
secondary receptor does not interact with wild-type gD but 
has a low affinity for a specific set of mutated gD mole- 
cules. While the secondary receptor can be sequestered by 
mutated gD, the affinity of the secondary receptor for the 
mutant gD molecules may be lower than that of wild-type 
gD for the primary receptor. This may explain why cell 
lines expressing mutant gD are infectable by both wild- 
type virus (primary receptor is present) and viruses carry- 
ing mutated gD (low affinity favors reequilibration of the 
mutant gD in the presence of viral particles attached to the 
surface of the cells). In the highly restrictive clonal cell 
lines which do not express gD, the primary receptor may 
be absent or mutated. A component of this model is that 
other viral proteins (e.g., gB, gH, and so forth) affect the 
interaction of gD with cellular proteins and hence are sub- 
ject to selection of mutations which increase the efficien- 
cy of viral entry into cells (56). 

REGULATION OF VIRAL GENE EXPRESSION 

A key feature of productive HSV infection is that the 
genes comprising the five groups, a, B,, fi 2 , 7,, and y 2 are 
tightly regulated with respect to both abundance and tim- 
ing of their expression. Herpes simplex virus genes func- 
tion within the environment of eukaryotic nuclei, and by 
necessity they contain signals that enable their transcrip- 
tion by cellular factors. In addition, viral genes contain re- 
sponse elements /raws-activated by viral gene products. 
The focus of this section is on the components of virus- 
specific regulation of gene expression. 

Structure of HSV mRNAs 

Herpes simplex virus DNA is transcribed by RNA poly- 
merase II (1 1 5). Viral mRNAs are capped, methylated, and 



polyadenylated, although nonpolyadenylated RNAs of the 
same sequences can be isolated (18,30,31,626,628,668). 
Internal methylation is readily apparent in RNA made early 
but not late in infection (30). Notwithstanding the efficient 
expression of HSV genes in the environment of higher eu- 
karyotic cells, only four open reading frames, otO, ot22, 
a47, and U L 15, have been shown to yield spliced mRNAs. 
Minor subsets of the transcripts of mapping to the gC 
(U L 44) and polymerase (U L 30) genes are also spliced 
(49,200). Transcripts sharing 5' and particularly 3' termi- 
ni have been described (707). Attention has also been drawn 
to multiple initiation sites for the transcription of selected 
HSV genes (200,448,614,715,756), to the common obser- 
vation that RNAs may extend beyond the usual polyadeny- 
lation site (12,97,255,528), and to selective and possibly 
regulated use of alternative polyadenylation signals (418). 
In contrast with the orderly transcription of intact cells are 
the random initiations experienced by more than one lab- 
oratory in nuclear run-off transcription assays late in in- 
fection (217,721). 

The abundance and stability of the various HSV-1 
mRNAs vary (198,199,626,628). In general, mRNAs of a 
and 6 genes appear more stable than those of 7 genes (742). 
Viral mRNAs may persist in the cell after their translation 
ceases (293,328,329). 

Environment of the Viral Genes 

The open reading frames identified to date are embed- 
ded for the most part in domains exhibiting both virus/host- 
common (e.g., TATAA and CAAT, SP1 response elements, 
and so forth) and virus-specific c/s-acting sites. The ab- 
sence of TATAA boxes from some transcriptional units has 
been noted (e.g., 7j34.5) (97). 

Studies on the structure of HSV genes have focused on 
two specific objectives. The first concerned the minimal 
promoter domain and the c/s-acting sites required for gene 
expression. The second objective was to identify the ex- 
acting sites which confer upon the reporter gene the ca- 
pacity to be regulated as an authentic viral gene. Only a 
few HSV genes have been analyzed in sufficient detail to 
reveal and dissect the cw-acting signals embedded in them. 
The most thoroughly studied, and the one which has gen- 
erated the most perplexing results, is the tk gene. The a4 
gene (Fig. 11) and, to a much lesser extent, two repre- 
sentative 7 2 genes are also worthy of discussion, although 
in these instances the results are more novel than per- 
plexing. 

a4 Gene 

In the c*4 gene, the 5 ' nontranscribed domain extend- 
ing upstream from the cap site to nucleotide — 1 10 is ca- 
pable of imparting to a reporter gene the capacity to be 
transcribed efficiently in the absence of viral trans-acti- 
vating factors (380,381,498). Other than the transcription 
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FIG. 11. Schematic representation of the structure of the 5' nontranscribed domain of the ct4 gene. The 
symbol * marks every tenth nucleotide. The transcription initiates at nucleotide -1. The shaded areas 
represent the binding sites of TATAA protein, SP1 and ICP4, and the host protein-aTIF complex. The 
sequence is shown in a form to emphasize the presence of the perfect G+C-rich inverted repeats that 
abound in this domain of the gene. In some instances, the G+C-rich regions can form alternate stem 
structures; these are identified by the dashed lines. Data from Mackem and Roizman (382). 



initiation site, the cw-acting sites which affect expression 
have not been investigated in detail. The sequences up- 
stream from nucleotide — 1 10 confer on a and B promoters 
a higher basal level of expression as well as the capacity 
to be induced as a genes by viral fra/ts-activating factors 
(337). The higher level of expression conferred by the se- 
quences upstream from nucleotide — 1 10 is very likely 
due to the SP1 binding sites embedded in G+C-rich in- 
verted repeats which abound in that region 
(296,297,337,380-382). At least one sequence which con- 
fers inducibility as an a gene is the cry-acting site for 
aTIF, i.e., 5' NCGyATGnTAATGArATTCyTTGnGGG 
3' (337,380). Separation of minimal promoter and regu- 
latory domains has been noted in other ot genes (380-383). 
Although G+C-rich stretches are frequently found in a 
genes, SP1 binding sites have not been reported in other 
a genes (Fig. 11). 

ICP4 binding sites have been reported in the promoter- 
regulatory domain, and across the transcription initiation 
site of the a4 gene, and in the promoter domain of the ot0 
gene, but not in the other a genes (176,335,336,447,559), 



and their significance is detailed below in the context of 
the function of ICP4. 

In addition to the SP1 and aTIF-responsive cw-acting 
site, a gene promoters contain numerous other c/s-acting 
sites for CAAT-box binding proteins, shown to affect gene 
expression markedly (648). The element GCGGAA, often 
present a variable number of times upstream of the tran- 
scribed domains of a genes, has been reported to bind 
proteins by footprint analysis (695). The role of these re- 
peats and their environment may be deduced from the ob- 
servation that the proteins purified by affinity to this se- 
quence do not bind to a single isolated hexanucleotide 
(348). Complementary DNA clones that encode two dis- 
tinct subunits of this transcription factor have been isolat- 
ed; the amino acid sequence of one protein exhibits simi- 
larity to the Ets DNA binding domain (349). The function 
of the purine-rich GA element in the context of a gene pro- 
moters remains a mystery, however, inasmuch as mutations 
within this region of the a27 promoter in the context of the 
viral genome reduced the accumulation of all-tk mRNA 
only slightly. 
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tk Gene 

The initial analyses of the tk gene rested on the notion 
that it exemplified the structure of a typical eukaryotic 
gene. Only much later has there been an effort to under- 
stand its structure as a viral 8 gene. The tk gene appears to 
have two transcription initiation sites, and mRNAs derived 
from both sites have been reported"(141,505,756). The role 
of these sites in the expression of the gene in lytic infec- 
tion is not clear. The 5' nontranscribed region has been 
very thoroughly investigated by McKnight et al. (157, 
410-414) and by Silverstein et al. (162,163,210). Initial 
studies identified a 1 10-nucleotide region upstream from 
the site of initiation of transcription that was minimally re- 
quired for efficient expression in the absence of viral /re- 
activating factors. This promoter contains a "proximal" and 
two "distal" m-acting sites, all of which are important for 
constitutive expression of the tk gene (756). In subsequent 
studies, a CCAAT box, two SP1 binding sites and an oc- 
tamer motif (ATTGC AT) upstream of - 1 1 6 were also iden- 
tified (478). Mutations in all of these sites affect expres- 
sion of the uninduced gene in rodent cells. However, 
sequence-specific mutagenesis of the octamer motif and 
of the SP1 binding sites indicated that they play a minimal 
role in the /raws-activation of the tk gene by HSV infec- 
tion, and attempts to define a cis-acting site that is virus- 
specific have not been successful (470,471). The protocol 
employed involved studies on linker scanning mutations. 
Inasmuch as the authors failed to identify mutations which 
affected /ra/w-activation but not expression in the absence 
of viral /raws-activating factors, they concluded that the 
viral factors which /rows-activate viral 8 gene expression 
act on a host factor and not directly on DNA. 

More recent studies have focused on the interaction of 
ICP4 with domains of the tk gene and on mutations down- 
stream from the tk cap site. Notwithstanding earlier reports 
that ICP4 does not bind to the tk gene directly (138,542), 
it is evident that the ICP4 does indeed bind to several do- 
mains of the gene, both upstream and downstream of the 
cap site, and that the binding sites include both sequences 
similar to the consensus binding site reported by Faber and 
Wilcox (177) and highly degenerate sites with little resem- 
blance to the consensus (274,430). Of particular interest 
are the ICP4-binding sites in the transcribed noncoding do- 
mains and the role of the transcribed noncoding sequences 
on the regulation of tk as a 6 gene, as discussed below. 



y Genes 

The structure of the 7 genes, and particularly of the y 2 
genes, is the least well understood and is likely to vary from 
gene to gene. Analyses of several genes, i.e., U L 44 (gC), 
U L 38, U L 49.5, and U s l 1, suggest that the sequences re- 
quired for efficient expression include the TATAA box and 
extend into the 5' transcribed noncoding domain (1 14,141, 



172,229,257,258,266,294,295,396,397,613,625). The se-^ ^ 
quences required for the y 2 regulation of these genes also 
appear to include sequences downstream from the TATAA 
box. Embedded in transcribed domains as well as the 5' 
nontranscribed sequences are ICP4 binding sites. Specif- 
ic sequences which are required for efficient transcription 
have been reported within 5' transcribed, noncoding do- 
main of some but not all 7 genes (229). 

7ra/is-Activation of a Genes by otTIF 
Background 

The /raws-activation of a genes by a putative structural 
component of the virus was first reported by Post et al. 
(498) in experiments designed to map the domains of the 
a gene promoters. In these experiments, transcription of a 
chimeric gene residing in L cells and consisting of the a4 
gene transcribed noncoding and 5 ' untranscribed domains 
fused to the transcribed noncoding and coding domains of 
the tk gene was induced by an infection with a tk' virus in 
the presence of cycloheximide. Similar results obtained 
with other a gene promoters suggested the possibility that 
the inducing factor was brought into the infected cells with 
the virion (380-382). The compelling evidence that the 
/raws-activator is a component of the virion which acts on 
- a specific response element came from three sources. First, 
Mackem and Roizman (382) reported that all DNA frag- 
ments derived from a promoters that were capable of being 
induced contained a consensus sequence 5' GyATGn- 
TAATGArATTCyTTGnGGG (noncoding) common to the 
regulatory domains of all a genes. They also reported that 
some promoters contained G+C-rich, perfect inverted re- 
peats; some of these stretches were later shown to contain 
SP1 binding sites. Kristie and Roizman (337) showed that 
homologs of the consensus sequence imparted on chimeric 
constructs the capacity to be induced by the virion com- 
ponent, whereas the G+C-rich domains affected the basal 
level of expression of chimeric genes. Second, Batterson 
and Roizman (33) reported that ultraviolet light-inactivat- 
ed virus was capable of inducing a-tk chimeric genes and 
that the /ra/w-activator was a component of the virion tegu- 
ment inasmuch as HSV-l(HFEM)ttB7, a ts mutant, at the 
nonpermissive temperature induced the a-tk chimeric genes 
even though the capsids accumulated at the nuclear pore 
and failed to release viral DNA into the nucleus. Lastly, 
Campbell et al. (76) mapped the gene whose product in- 
duced the a chimeric gene to U L 48. The nucleotide se- 
quences of the HSV- 1(F) and HSV(17)syn + U L 48 genes 
were reported (125,481). The product of this gene had been 
previously recognized as VP 16 present in 500 to 1,000 
copies/virion (242,643) and also as ICP25 (261,262). The 
name by which this protein is known is subject to consid- 
erable confusion largely because Dalrymple et al. (125) 
gave it still another designation based presumably on its 
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apparent molecular weight deduced from its migration in 
polyacrylamide gels. The designation given to it by Pellett 
et al. (481), otTIF, reflects its function as the /ra/is-activa- 
tor of a genes. 

Properties of the aTIF Protein 

A report from McKnight et al (409), followed quickly 
by many others, established that aTIF forms complexes 
with DNA, but only in the presence of a cellular protein, 
Oct-1, or under conditions in which Oct-1 can participate 
in the reaction (212,460,461,504,648,695). Specifically, 
(i) in vitro synthesized, labeled VP 16 was demonstrated to 
form a complex with unlabeled DNA in the presence of 
crude uninfected cell extracts or partially purified Oct-1 
(212,409) and (ii) the complex was retarded by antibody 
to aTIF, but not by preimmune serum (212,409,504). The 
aTIF gene falls into the 7j kinetic class and is predicted to 
encode a maximum of 490 amino acids with a translated 
molecular weight of 54,000 and a minimum of 479 amino 
acids if the first in-frame methionine codon is not used or 
is used intermittently (125,481). The functional domains 
of aTIF have been mapped by several laboratories (2,3,226, 
227,660,694) with the following results. 

(i) Kristie and Sharp (338) demonstrated that, at very 
high concentrations, aTIF could form complexes 
with DNA in the absence of additional host factors. 

(ii) The key domains of aTIF responsible for the for- 
mation of multiprotein complexes have been mapped 
to amino acid stretches. Region I consists of the most 
basic amino acid stretch located between residues 
173 and 241, whereas region II lies between residues 
378 and 389. Mutations in region I diminished the 
ability of the protein to interact with DNA in the ab- 
sence or presence of the Oct-1 POU domain, sug- 
gesting that this region is required for and may be 
involved in binding DNA (660). 

(iii) The aTIF interacts specifically with the Oct-1 POU 
domain, but it is incapable of interacting with a POU 
domain in which helix 2 of the Oct-2 protein has 
been substituted for the corresponding helix of Oct- 
1 (661). Point mutations within region II also com- 
pletely destroyed aTIF-induced complex assembly 
(226). Region II appears to be the domain of aTIF 
responsible for specific interaction with the Oct-1 
homeo domain (660). Mutational analysis also sug- 
gested that region II is primarily responsible for aTIF 
interaction with an additional host factor, although 
mutations in region I can also affect this interaction 
(660). Since aTIF-lacking region II has a reduced 
capacity to interact with DNA, it is conceivable that 
deletions in region II alter its conformation. Paren- 
thetically, the entire carboxy-terminal acidic acti- 
vating region of the protein is absent from the vari- 
cella-zoster virus homolog of the protein encoded 



by the ORF10 gene. The ORF10 protein has been 
reported to be incapable of forming multiprotein 
complexes with Oct-1 (406). 

(iv) The domain responsible for the /raws-activation of 
a genes is contained within the highly acidic car- 
boxy-terminal 80 amino acids. Proteins which lack 
the /ra/w-activation domain may retain their capac- 
ity to form complexes with Oct-1 and DNA. How- 
ever, deletion of the domain responsible for complex 
formation obliterates the capacity of aTIF to trans- 
activate. The key evidence concerning the role of 
this region emerged from observations that a chimeric 
protein consisting of the DNA binding domain of 
the yeast transcriptional activator GAL4 fused to the 
C-terminal domain of the aTIF gene induced a re- 
porter gene to a high level (586). Analysis of this re- 
gion has revealed that a net negative charge con- 
tributed to, but was not sufficient for, transcriptional 
activation. The observations that transcriptional ac- 
tivators of several classes contained hydrophobic 
amino acids in patterns resembling that of aTIF, and 
that a phenylalanine residue at position 442 was 
markedly sensitive to mutation, suggested that the 
mechanism of transcriptional activation by aTIF 
could involve both ionic and specific hydrophobic 
interactions with target molecules (117). 

(v) The identity of the interactive cellular protein has 
been the subject of numerous studies. Stringer et al. 
(669) reported that the aTIF activation domain bound 
strongly and selectively to the human and yeast 
TATA-box binding factor TFIID Lin and Green (365) 
presented evidence that aTIF stimulates transcrip- 
tion in the absence of ATP by increasing the num- 
ber of functional preinitiation complexes through re- 
cruitment of the general transcription factor TFIIB 
to the promoter. In both of the above studies, muta- 
tions in the aTIF activation domain which affected 
frans-activation also decreased the affinity of the 
protein for transcription factors (276,365,669). Lil- 
jelund et al. (364) also reported that aTIF alters the 
binding of the TATA box factor to its response ele- 
ment. Kelleher et al (307) suggested that the direct 
target of aTIF is not a general transcription factor 
but rather another factor referred to as an "adapter" 
or a "coactivator " which forms a bridge to one of 
the general transcription factors. Recently, the gene 
for such a putative adapter molecule, ADA2, has 
been isolated from yeast on the basis of its interac- 
tion with the acidic activation domain of aTIF and 
was shown to respond to some but not all acidic ac- 
tivator domains (39). 

(vi) Located in the tegument, aTIF is a structural pro- 
tein. Weinheimer et al. (720) deleted the U L 48 gene 
encoding the aTIF using a cell line which produced 
the protein to propagate the mutant virus. In infect- 
ed cells, the deletion mutant induced nearly normal 
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levels of viral DNA synthesis and capsid production, 
but the amounts of encapsidated DNA were lower, 
and the electron microscopic studies suggested that 
it was defective in other steps of viral maturation. 

(vii) Attempts to dissociate the function of aTIF as a 
/ra/w-activator of a genes from its as yet undefined 
function as a structural protein have run aground. A 
mutant with an insertion into the U L 48 gene was 
shown to abolish the ability of the protein to induce 
recorder genes but did not render the virus nonin- 
fectious, although its ability to multiply and spread 
at low multiplicity of infection was impaired (3). The 
virus stocks were characterized by high virion/ 
plaque-forming units (pfu) ratios. In infected cells, 
the expression of aO and all were reduced four- to 
fivefold, whereas that of a4 was not. Interpretation 
of these results presents three problems. Foremost, 
the high virion/pfu ratios may also be interpreted to 
indicate that the structural function of aTIF was com- 
promised, and therefore the two functions of aTIF 
have not been resolved. Second, the promoter do- 
mains of a genes contain numerous as-acting sites 
for a variety of transcriptional factors, and each gene 
is readily expressed in cultured cells, albeit at a re- 
duced basal level, in the absence of aTIF. High mul- 
tiplicity of infection could compensate for weak pro- 
moter activity. Lastly, a perhaps more worrisome 
problem is that a very much reduced level of trans- 
activation, which might not be detectable in trans- 
fected cells, would be sufficient to enable the virus 
to multiply. In light of these issues, the report that 
the virus appeared to be avirulent in mice, was able 
to establish latency in the trigeminal ganglion, and 
reactivated upon explantation is subject to conflict- 
ing interpretations (657). 

(viii) Lastly, observation that VHS binds to aTIF and pre- 
cludes its interaction with its response element has 
been suggested to indicate that aTIF modulates the 
activity of VHS during infection (630). Since aTIF 
and VHS enter the cell with the infecting virus at the 
same time, but perform their functions in different 
compartments of the cell, such regulatory functions 
are probably of no great significance in the initial 
stages of infection. The association of the two pro- 
tein does solve an important riddle, i.e., why the mas- 
sive quantities of aTIF made late in infection fail to 
induce a gene expression at that time. 

Oct-1 Protein 

The Oct-1 protein was independently discovered in sev- 
eral laboratories studying a variety of biologic systems and 
has been designated as NF-A1, OBP100, OTF-1, NFIII, 
origin recognition protein C, aHl, and Oct-1 (189,334,467, 
655,671,672). Oct-1 interacts with the octamer motif of 
the c/s-regulatory element in the promoters of ubiquitous- 



ly expressed sequences such as those encoding the small 
nuclear RNAs and the histone H2b genes (343,392). The 
identical octamer motifs present in cell-specific im- 
munoglobulin promoters are thought to interact with the 
transcriptional factor Oct-2 (594). Oct-1 has been demon- 
strated as a stimulatory replication factor in the adenovirus 
system (467,514). 

A nearly complete cDNA cloned by Sturm et al. (672) 
led to the recognition that Oct-1 is a homeobox protein 
which, along with two other mammalian transcription fac- 
tors, Pit-1 and Oct-2, and the product of the nematode 
Caenorhabditis elegans Unc-86 gene, helped define a new 
class of homeobox proteins called POU proteins (for Pit, 
Oct, Unc) (246). These four proteins share a highly relat- 
ed 150- to 160-amino acid-long region of sequence desig- 
nated as the POU domain. Polymerase chain reaction (PGR) 
amplification of human and rat brain cDNA and rat testes 
cDNA with degenerate primers to the POU domain led to 
the discovery of the Brn-1, Brn-2, Brn-3, and Tst-1 POU 
proteins (240). All of these known mammalian POU pro- 
teins have been implicated by in situ hybridization as play- 
ing a role in the development of the nervous system. A 
number of other proteins have recently been discovered 
with homology to the known POU proteins and many more 
are certain to follow. 

The POU domain can be further subdivided into the 
homeobox-related POU-homeo and the unique POU-spe- 
cific domains. The POU homeo domain is more highly 
conserved among the POU proteins than among other 
homeobox proteins. The homology between Oct-1 and Oct- 
2 in this region approaches 88%. The POU homeo domain 
is involved in both DNA binding and in directing the for- 
mation of the multiprotein-DNA complex with aTIF. Helix 
2 of Oct-1 makes direct contact with aTIF. Thus, substi- 
tution of helix 2 of Oct-2 with that of Oct-1 imparts upon 
Oct-2 the ability to complex with aTIF (661). Converse- 
ly, substitution of helix 2 of Oct-1 with that of Oct-2 de- 
stroys the ability of Oct-1 to bind aTIF. The POU-specif- 
ic region is 75 to 83 amino acids long and located in the 
amino-terminal half of the overall POU domain. The POU- 
specific domain is 99% conserved between Oct-1 and Oct- 
2. If the POU-specific domain does play a role in complex 
formation, it must be at amino acids conserved between 
Pit-1 and Oct-1 because replacing the POU-specific do- 
main of Oct-1 with that of Pit-1 reduced did not eliminate 
aTIF complex formation (661). Its function is largely un- 
known, although in Oct-1 it appears to contribute to DNA 
binding (673). 

The POU-homeo and POU-specific domains are 
separated by a short nonconserved 15- to 20-amino acid 
linker. The insertion of an additional six alanines into the 
linker had no effect on DNA binding, suggesting that the 
POU domain is a bipartite DNA-binding structure. Such 
flexibility in the DNA-binding domain might explain the 
many apparently dissimilar DNA sequences to which Oct- 
1 appears to bind. Sequences which are identical in only 
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four of 14 residues have been shown to bind, yet simple 
point mutations within some binding sites can abolish 
binding (35). 

a-TIF Response Element 

As noted earlier in the text, several lines of evidence in- 
dicated that the consensus sequence identified by Mack- 
em and Roizman (380,381) [5' GyATGnTAATGArATT 
3'] is the cw-site for induction of a genes by aTIF (337). 
Gaffiiey et al. (203) designated the as-acting site as the se- 
quence TAATGARAT. For reasons discussed below, the 
m-acting site is longer and extends upstream. 

Gel retardation studies using a 29-bp fragment from the 
a0 gene (29RaO) and a 48-bp fragment from the a27 gene 
(48Ra27) revealed that the cw-acting site binds host pro- 
teins (334). Both DNase protection and methylation inter- 
ference studies indicated that those purines whose methy- 
lation interfered with the binding of the largest of these 
host proteins, otHl, was part of the sequence ATGCTAAT, 
which resembled the consensus binding site ATGCAAAT 
of several proteins subsequently designated as Oct-1 (333). 
Extensive mutational analysis of the aTIF consensus site 
in the context of the viral genome (647,648) led to three 
conclusions. First, mutagenesis of the ATGCTAAT domain 
led to a loss of Oct-1 binding and reduced the level of ex- 
pression of the reporter gene to 6% that of wild-type virus. 
Second, transversion of the sequence GATATG, which was 
designed to destroy the consensus octamer binding site but 
preserve the TAATGARAT sequence also abolished high- 
affinity binding of Oct-1 and aTIF, but, at vastly increased 
amounts of probe, trace amounts of bound Oct-1 could be 
detected, presumably reflecting direct binding of the pro- 
tein to the TAATGARAT sequence. Consequently, in cells 
infected with this virus, the reporter gene expression was 
reduced to 20% to 30% of the level observed in cells in- 
fected with the wild-type parent. Further studies showed 
that expression of the reporter gene correlated with the re- 
spective Oct-1 binding levels. Third, mutations in the 
GARAT domain abolished the formation of aTIF/Oct- 
1/DNA complexes and reduced the expression of the re- 
porter gene to 20% to 30% of the wild-type level but had 
no effect on the binding of Oct-1 to the DNA. The strin- 
gency of the requirement for a GARAT sequence varied, 
depending on the cell in which the virus carrying the mu- 
tation was tested. In some cell lines, the mutant promoter 
expressed the reporter gene at a level 80% that of the wild- 
type. On the basis of these findings, it was postulated that 
an unknown cellular factor is capable of interacting with 
Oct-1 to induce gene expression, albeit to a lesser degree 
than when Oct-1 is complexed with aTIF, that this factor 
does not require the GARAT sequence, and that certain 
cell lines possess more of this factor than others. Indeed, 
such cellular factors have recently been discovered (449). 

Stable formation of a complex between purified Oct-1 
and aTIF requires an additional factor designated as CI 



(212,332,338). Highly purified CI was reported to con- 
sist of a family of polypeptides derived from a common 
precursor by proteolytic cleavage (303, 332a, 738). CI 
binds to aTIF rather than to the Oct-l/DNA complex. An 
additional factor designated as C2 and forming a complex 
designated by the same name has also been reported 
(332,338). 

In summary, the multiprotein complex responsible for 
induction of the a genes is initiated by the Oct-1 binding 
to the octamer element within the aTIF as-acting site. 
The aTIF/Cl factor complex binds to the Oct-l/DNA com- 
plex and is stabilized by specific interactions between the 
aTIF and the Oct-1 POU-homeo domain and between 
aTIF and the GARAT sequences of the m-acting site. Al- 
though aTIF interacts directly with the POU-homeo do- 
main, no interaction is detected in the absence of DNA, 
suggesting that this interaction is of low affinity. Like- 
wise, the DNA-binding affinity of aTIF is extremely low 
and may require an interaction with Oct-1 in vivo. The na- 
ture of the interactions of the C2 factor with the complex 
involve most likely protein-protein interactions^ the bind- 
ing of this component does not affect the DNA footprint 
of the complex. 



Regulatory Functions of a Gene Products 
JCPO 

The product of the aO gene is predicted to be 80,000 in 
molecular weight, but in denaturing polyacrylamide gels 
it migrates with an apparent molecular weight of 1 10,000 
to 124,000, depending on the type of cross-linking agent 
used and on the acrylamide concentration. ICP0 oligomer- 
izes in solution (89,174). It has been reported that ICP0 is 
a virion protein (750), but definitive studies involving sep- 
aration of "heavy" or complete particles from light parti- 
cles which may package nonvirion proteins have not been 
done. The a0" mutants are viable in cell culture, and ts mu- 
tants have not been reported (585,667). In transient ex- 
pression systems, ICP0 has been reported to trans-activate 
transfected genes promiscuously by itself or in combina- 
tion with ICP4 (169-171,208-210,462^64,484,526,589). 
Of the various experimental designs, the most convincing 
are those in which the trans-activation of target genes was 
done in conjunction with ICP4. 

The transient expression studies suggest ICP0 enhances 
the function of ICP4, possibly by interacting with it, but 
this may be only one of its functions. ICP0 response ele- 
ments have not been identified, although it has been re- 
ported that the protein interacts with a cellular protein (426). 
Deletion mutants in the a0 gene grow in cell culture, al- 
beit more sluggishly than the wild-type virus, particularly 
at low multiplicities of infection (585,667). 

Mutants in ICP0 have been studied in some detail by 
both Cai and Schaffer (67) and Chen and Silverstein (90). 
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Overall, it is difficult to argue with the basic conclusion 
by Chen and Silverstein that, while it is not essential for 
viral replication in some cells in culture, defects in this 
gene delay the expression of 6 and 7 genes and impair 
viral replication. 

ICP4 

ICP4 is a phosphoprotein essential for expression of 
viral genes and for viral replication. Long a subject of 
study, it has generated a rich, passionate, and at times con- 
fusing literature. 

Properties of the Protein 

This protein is predicted to be 132,835 in translated mol- 
ecular weight (402). Most limited-passage HSV-1 isolates 
carry a ts lesion mapping in the a4 gene and 37°C/39°C 
ratios of plating efficiencies as high as 10 6 have been record- 
ed [e.g., HSV-1 (F)]. It is perhaps then not surprising that 
ts mutants in the ot4 gene have been readily isolated by a 
number of laboratories (361). ICP4 forms three bands des- 
ignated as 4a, 4b, and 4c in denaturing polyacrylamide gels 
(483). In cells infected with wild-type virus, the fastest mi- 
grating band (4a) has an apparent molecular weight of 
160,000 and is readily detected in the cytoplasm after pulse 
labeling with radioactive precursors (261,262,483,735). It 
is also the only form accumulating in cells infected with 
certain a4 ts mutants and incubated at nonpermissive tem- 
peratures (320). The other bands (4b and 4c) have appar- 
ent molecular weights of 163,000 and 170,000, respec- 
tively, and accumulate in the nucleus (337,483). The 
accumulation of the slower migrating bands coincides with 
the translocation of the protein into the nucleus and label- 
ing with inorganic 32 P added to the medium (183,483). 
ICP4a and ICP4c can be pulse labeled with 32 P during the 
reproductive cycle long after the synthesis of this protein 
ceases, suggesting that phosphate cycles during infection 
(735). As noted above, ICP4 is (ADP-ribosyl)ated (43,506). 
Adenosyl ribosylation could account for only a fraction of 
the labeling of ICP4 by inorganic phosphate from the medi- 
um (483), inasmuch as phosphate also cycles on and off 
ICP4, ICP22, and ICP27 (735), but ICP4 appears to be the 
only a protein to be poly(ADP) ribosylated. Recently, Blaho 
and Roizman (46) reported that ICP4 is also guanylylated 
and adenylylated. 

ICP4 has been shown to bind to DNA directly in sever- 
al types of assays (177,335,336,430). Initial studies iden- 
tified a strong binding site with a consensus sequence of 
ATCGTCnnnnCnGnn (176). Subsequent studies have 
identified numerous binding sites which do not correspond 
to this consensus sequence (335,336,429,430). Studies by 
Michael and Roizman (428,429) have shown that two 
molecules of ICP4 bind to both consensus and noncon- 
sensus sites. 



The various forms of ICP4 differ with respect to their 
affinities for the binding sites (430). Papavassiliou et al. 
(472) reported that, whereas dephosphorylated forms of 
ICP4 could bind to a promoters, only phosphorylated forms 
bound to 6 and y gene promoters. Anatomic dissection of 
the a4 gene in the context of the viral genome has outlined 
several domains which play a key role in the function of 
this protein. Most of the key functions of the protein ap- 
pear to be associated with the carboxyl half of the protein. 
Mutations in this region affect autoregulation, /ra«s-acti-~ 
vation of viral genes, intranuclear localization, interaction 
with DNA, and so forth (137-139,617,634). Wu and Wilcox 
(746) mapped the ICP4 sequence-specific DNA-binding 
site to residues 262-490. 

To /raws-activate transcription of HSV genes, ICP4 must 
interact with a component of the PolII transciptional com- 
plex. Indeed, interaction of ICP4 with TATA binding pro- 
tein and TFIIB has been reported (632). 

ICP4 has been reported to be packaged in virions (749). 
The uncertainty surrounding this datum rests on the con- 
cern that ICP4 detected in these assays may be packaged 
nonspecifically into "light" particles and is not a bona fide 
component of the virion. If both ICP4 and ICP0 were to 
be packaged in virions, we would expect to see transcrip- 
tion of genes in cells infected and maintained in the pres- 
ence of cycloheximide. This is not the case. 

The a4~ mutants express only a genes, but with time 
both 8 and 7 genes are also expressed. To multiply, a4~ mu- 
tants must be grown in cells capable of expressing ICP4 
proteins from a copy of the a4 gene embedded in the cel- 
lular genome. The observation that ICP4 is required for the 
expression of genes expressed later in infection has been 
taken as an indication that ICP4 regulates genes positive- 
ly. Evidence has also amassed indicating that ICP4 regu- 
lates specific a genes negatively. It is convenient to con- 
sider these manifestations of ICP4 function separately. 

Role of ICP4 in the Expression of a Genes 

As noted above, ts mutants in the a4 gene abound. In 
these viruses, both copies of the gene are mutated, as would 
be expected for the expression of the ts phenotype (320). 
The phenotypes of these mutants vary. At the nonpermis- 
sive temperature, some mutants express both a proteins 
and selected sets of proteins normally made later in infec- 
tion (136,140). A most interesting set of ts mutants in the 
ot4 gene overproduce a proteins at the nonpermissive tem- 
perature (136,501,713). There is convincing evidence that 
ICP4 turns off its own synthesis and that this autoregula- 
tion correlates with the binding of the protein to a c/s-act- 
ing site across the transcription initiation site of the gene 
(138,427,437,542,713). Measurements of a RNAs accu- 
mulating in cells infected and maintained at permissive 
and nonpermissive temperatures indicate that the a genes 
subjected to repression are primarily a4 and a0 (J. Huben- 
thal-Voss and B. Roizman, unpublished observations). 
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In the case of the aO gene, the binding site ATCGT- 
CactgCcGcc is at position -64 to -49 (335). The a4 gene 
5' untranscribed and transcribed, noncoding domain con- 
tains three ICP4 binding sites. Two nonconsensus binding 
sites map at positions -194 to -171 (site a4-l distal) and 
—162 to -145 (ot4-l proximal), whereas one consensus 
site (a4-2) maps across the cap site (176,335,336,430,447). 
The function of these binding sites has been the subject of 
numerous and somewhat contradictory reports. 

Roberts at al. (542) reported transient expression assays 
of the function of the ICP4 binding site at the transcription 
initiation site of ICP4 (a4-2 site). Deletion of the nu- 
cleotides "8 to +30 abolished both binding of DNA and 
"negative autoregulation." Detailed studies by Resnick et 
al. (532) showed that ICP4 tows-activated a mutated pro- 
moter lacking the binding site much more efficiently than 
the wild-type promoter containing an intact DNA binding 
site. In contrast, Everett and Orr (173) substituted a mu- 
tated promoter lacking the ICP4 binding site for the wild- 
type promoter in both copies of the viral genome. They re- 
ported that the wild-type and mutant viruses did not differ 
with respect to the accumulation of ICPO throughout in- 
fection. Although the results would support our view that 
transient expression systems are useful to determine the 
requirements for expression but not for the regulation of 
viral genes, in this instance, analyses of the accumulation 
of mRNA rather than protein would have dealt more di- 
rectly with the role of the ICP4 binding site on the ex- 
pression of ICPO. A remarkable feature of HSV gene ex- 
pression is that the accumulation of many viral proteins is 
fine tuned at several levels. In the case of ICPO, recent stud- 
ies indicate that its accumulation is regulated by the prod- 
ucts of both U L 13 and a22 (520). 

As noted above, ICP4 binds to three sites within the 5' 
untranscribed and transcribed, noncoding domains of the 
a4 gene. The purines whose methylation interferes with 
the binding of ICP4 to these sites have been mapped (429, 
559,560). Mutagenesis of these three sites in a construct 
in which the 5' untranscribed and the entire transcribed 
noncoding domain of the a4 gene were fused to the cod- 
ing sequence of a reporter gene and inserted into the viral 
genome revealed the following. First, ICP4 did not bind to 
the mutated binding sites. Second, identical amounts of 
RNA of the chimeric gene were recovered from cells in- 
fected with viruses carrying wild-type and mutated a4-l 
and a4-2 sites linked to the reporter gene and maintained 
under cycloheximide, indicating that the mutations did not 
affect either the /raws-activation of the a4 promoters linked 
to the reporter gene or the stability of the RNAs. Third, 
mutations of the a4-2 sites resulted in a seven- to 18-fold 
increase in the amounts of reporter gene RNA recovered 
at 4 and 8 hr postinfection. Fourth, mutations of either the 
distal or proximal oc4-l binding sites alone or in combina- 
tion did not affect the recovery of reporter gene RNA at 
these times postinfection, whereas the mutagenesis of all 
(a4-l and a4-2) binding sites increased at least threefold 



the amount of RNA recovered compared to mutagenesis of 
the a4-2 site alone (427). These results strongly support the * 
hypothesis that (i) ICP4 acts by binding to both consensus 
and nonconsensus sites on DNA, (ii) autoregulation of a4 
gene expression is the consequence of binding of ICP4 to 
DNA, and (iii) the ICP4 binding sites upstream from the 
cap site can contribute to the repression of gene expression. 

Koop et al. (325) inserted wild-type and mutated ICP4 
binding sites into a variety of promoter domains. They 
noted that ICP4 binding sites upstream or downstream of 
TATA boxes effectively decreased gene expression from 
these promoters. An interesting finding was that DNA syn- 
thesis alleviated the apparent repression caused by the in- 
sertion of the wild-type ICP4 binding sites. 



Role of ICP4 in the Expression of fi and y Genes 

ICP4-dependent activation of transcription of a 6 gene 
embedded in the viral genome occurs from a much lower 
level of basal expression than that seen from an isolated 
gene introduced in cells and selected for tk expression. 
After /raws-activation with ICP4, the level of tk gene ex- 
pression is higher than that attained in cells transfected 
with the isolated tk gene but not as high as that seen in lyt- 
ically infected cells. ICP4 DNA binding sites in the do- 
main of the tk gene both upstream of the cap site and down- 
stream from nucleotide +50 have been demonstrated by 
several groups (336,470-472). Studies by Halpern and Smi- 
ley (231) and by Mavromara-Nazos and Roizman (396) 
have failed to demonstrate a significant role of the bind- 
ing to sites downstream of nucleotide +5 1 . The report by 
Papavassiliou et al. (472) that the binding of ICP4 to 6 and 
7 genes requires infected cell factors and is determined by 
both concentration and phosphorylation of ICP4 is con- 
sistent with and supports the conclusion that ICP4 inter- 
acts with cellular factors and both enhances and depends 
on them for the stability of its own binding to DNA. 

In infected cells, ICP4 is required but is not sufficient 
for efficient and timely expression of 7 genes, particular- 
ly 7 2 genes. DNA binding sites have been observed in both 
5 ' untranscribed and transcribed, noncoding domains of 
genes (428,430,684). The role of these sites is unclear. 

Does ICP4 block 8 and 7 gene transcription, trans-acti- 
vate it, or both? The evidence that, in cell-free systems, 
ICP4 increased the transcription of gD, a 7, gene (685), is 
not in itself impressive since (a) the ICP4 binding site test- 
ed was upstream from the reported minimal sequence re- 
quired by gD to be regulated as a 7, gene (nucleotide -55) 
(148,150); (b) in transient expression systems, for what it 
is worth, late 7 2 gene expression was activated at low con- 
centrations of the ICP4 gene but not by high concentra- 
tions of the gene; and (c) the amount of ICP4 used in that 
study was arbitrary, without relevance to either known pos- 
itive or negative /nws-activation. Subsequently, Tedder et 
al. (684) reported that ICP4 binding sites enhance the tran- 
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scription of the gD gene in vitro. However, studies involv- 
ing mutagenesis of the ICP4 binding sites within the do- 
mains of the gD gene failed to affect the transcription of 
that gene (631). 

In other studies, some of the characteristics of y 2 gene 
regulation, i.e., expression of the gene late in infection and 
sensitivity to inhibitory effects of PAA, were transferred 
to the tk gene by substitution of the tk cap site and a por- 
tion of the 5' transcribed noncoding domain with the cor- 
responding sequences of the U L 49.5 gene. The substituted 
y 2 sequences contained two ICP4 binding sites; mutagen- 
esis of one of these sites led to a loss in the capacity of the 
chimeric gene to be expressed late in infection (325). While 
the hypothesis that ICP4 does not act directly on the DNA 
cannot be dismissed out of hand, it seems likely that ICP4 
acts in at least two ways, by stabilizing the assembly of 
TATA box-dependent transcriptional factors and by a local 
effect at the site of binding. Studies showing that ICP4 
bends DNA have been reported (175). The jury evaluating 
the role of ICP4 binding sites in 8 and 7 genes is still out. 
While the data clearly indicate that functional ICP4 is re- 
quired for the expression of these genes, the precise mech- 
anism by which ICP4 acts remains elusive. 

Much has been made of the observation that a4 and the 
equivalent gene product of pseudorabies virus induce not 
only herpesvirus genes but also adenovirus and cellular 
genes (e.g., 6 globin), which are introduced into cells by 
transfection (41,180,228). More recent studies have shown 
that the /raws-activation of adenovirus late gene expression 
by the ICP4 equivalent of pseudorabies virus is through 
enhanced formation of transcription initiation complexes 
(1). Although these studies are consistent with the hy- 
pothesis that ICP4 may stabilize specific sets of transcrip- 
tional factors on the DNA, they do not exclude the possi- 
bility that weak interactions with DNA may be necessary 
for fraws-activation of gene expression. 

ICP27 

The realization that this nuclear phosphoprotein performs 
a plethora of diverse regulatory functions throughout infec- 
tion emerged only in recent years (588). The key functions 
and properties of ICP27 may be summarized as follows. 

1 . ICP27 is an essential gene. Null mutants do not repli- 
cate; they exhibit a gross decrease in viral DNA syn- 
thesis and late gene expression. Some ts and nonsense 
mutants do not block viral DNA synthesis but do de- 
crease the expression of late genes (419,584). 

2. The key phenotype of ts mutants studied in some de- 
tail indicate that ICP27 exhibits both activator and re- 
pressor functions. Thus, in the absence of functional 
ICP27, a genes are overexpressed, whereas late genes 
are poorly expressed (398,533,584,635). As articulat- 
ed by McCarthy et al. (398), the general conclusion is 
that ICP27 acts at a transcriptional level. 



More recent studies indicate that ICP27 does have 
a role in transcriptional regulation at two levels. First," * 
ICP27 determines which polyadenylation signal is 
used where more than one signal is present (418). 
Second, it has been noted that the amount of spliced 
RNA is decreased in the presence of functional 
ICP27. Splicing studies support the hypothesis that 
ICP27 directly inhibits splicing by sequestering 
snRNPs (236). 

3. Studies on ICP27 mutants have identified both re- 
pressor and activator domains which map in the car- 
boxy-terminal half of the protein (235,419,433,534). 
Amino-terminal domains have been shown to be es- 
sential for optimal levels of DNA synthesis and for lo- 
calization of ICP27 in the nucleus. One domain lo- 
calized roughly between amino acids 138 and 152 bears 
a striking similarity to several cellular proteins which 
have been implicated in nuclear RNA processing and 
appears to be required for nucleolar localization (347). 

4. ICP27 binds to single-stranded DNA-agarose columns 
and is eluted by high salt. In these studies, ICP27 cop- 
urified with an unidentified protein 1 10,000 in mole- 
cular weight. In addition, the predicted amino acid se- 
quence has a potential metal binding domain, and in 
vitro the protein binds zinc. This domain is located at 
the carboxyl-terminal 105 amino acids. Conservation 
of this domain is essential for at least some of its reg- 
ulatory effects (702). 

In summary, ICP27 has been reported to perform an ex- 
traordinary range of regulatory feats which include selec- 
tion of transcriptional termination sites, inhibition of RNA 
splicing, stimulation of DNA synthesis, and posttran- 
scriptional destabilization of a mRNA (588). This is a re- 
markable range. In time, it may decrease as some of the 
manifestations now thought to be due to direct action of 
the protein are recognized to be the consequences of sec- 
ondary events in a regulatory cascade. 

ICP22 

Inasmuch as this gene is dispensable (499), it has not 
been studied intensively. The studies done to date (603) in- 
dicated the following. The a22~ virus multiplied in Vero 
and HEp-2 cells as efficiently as the parent virus. In BHK 
and RAT-1 cell lines and in human embryonic lung cells, 
the plating efficiency of a22~ virus was reduced, and the 
yield was multiplicity dependent. Moreover, in these cells, 
the shut off of synthesis of 8 proteins was delayed, and the 
expression of 7 proteins and the number of capsids de- 
tected in infected cells was reduced. Deletion of ot22 had 
no effect on viral DNA synthesis. The a22 protein is phos- 
phorylated by several kinases, including U L 13 and U s 3 
(520,521) and is adenylylated by protein kinase II in vitro 
(432). The phenotype of a22~ cannot be differentiated from 
that of U L 13" in cells in culture (520). 
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ICP47 

This gene is dispensable (377,395) and discussed in more 
detail in the section on viral modulation of host response 
to infection. 



Other Regulatory Proteins 

Recently, it was noted that U s l 1 , an abundant -y 2 protein, 
has two functions of potential importance in regulating 
gene expression (573,574). First, U s l 1 protein was found 
to accumulate in nucleoli, and subsequent studies have 
shown that it binds to the 60S ribosomal component late 
in infection, in newly infected cells, and in cells constitu- 
tively expressing the protein (573). Second, U s l 1 protein 
binds specifically in a conformation-dependent manner to 
the mRNA specified by the U L 34 open reading frame (574). 
Cells infected with a mutant deleted in the U s l 1 gene ac- 
cumulated a truncated form of the U L 34 mRNA. The trun- 
cated mRNA is not polyadenylated, but it is transported 
into the cytoplasm. The U s l 1 protein binds to the truncat- 
ed U L 34 mRNA at or near its terminus. The nucleotide se- 
quence of the 3' terminus of the truncated mRNA suggests 
that the truncation takes place immediately before a stem- 
loop structure. U s l 1 protein may act as an antiterminator 
of transcription of the gene. Inasmuch as no cell line has 
so far exhibited a phenotype associated with the trunca- 
tion, the function of the U s l 1 protein in regulating U L 34 
mRNA accumulation is not known. 



Regulation of a Gene Expression 

The induction of a genes by aTIF and the autorepression 
of the Gt4 gene by its product have been discussed in detail 
earlier in the text. Although the focus of much of the cur- 
rent studies on a gene regulation centers on these two phe- 
nomena, it seems important to stress several observations. 

First, from the initial studies of a gene-chimeras (498), 
it has been observed that a genes are efficiently expressed 
in transfected cells or in cell lines carrying genes under a 
promoters. These studies indicate that a gene promoters 
contain m-acting sites for other transcriptional factors in 
addition to the aTIF-specific response element. In fact, the 
studies by Spector et al. (647,648) indicate that cells vary 
in their capacity to express a genes in the absence of func- 
tional aTIF m-acting elements. 

The second issue concerns the turn off of synthesis of 
a proteins. Although the studies by Ackermann et al. (4) 
led to the conclusion that at least some of the a proteins 
continue to accumulate throughout infection, there is a 
significant decrease in a protein synthesis with the onset 
of synthesis of 6 and y proteins. However, late in infec- 
tion, Oct-1 is still present, and there is significant accu- 



mulation of aTIF — a condition which should result in^ 
stimulation rather than shut off of a protein synthesis. At- 
tempts to demonstrate alteration in Oct-1 (e.g., phospho- 
rylation) late in infection have not been productive (F. C. 
Purves, D. Spector, and B. Roizman, unpublished data). 
One possible explanation is that the association of VHS 
with aTIF cited earlier in the text precludes the function 
of aTIF as a fra/zs-activator. 

The last point that should be made concerning a gene 
regulation is that the accumulation of some a proteins may 
be fine tuned at a pos transcriptional level. The observa- 
tion that ICPO accumulation in in HEp-2 and especially in 
BHK cells was affected by the U L 13 protein kinase raises 
the possibility that the actual amount of a proteins present 
at any time may be regulated at many different levels by 
numerous cellular and viral factors. 



Regulation of B Gene Expression 

Exemplified by the tk gene, 8 genes appear to have the 
capacity to be expressed in the context of the cellular 
genome in the absence of other viral gene products. There 
is a general agreement that the response elements required 
for the expression of B genes consist of binding sites for 
cellular transcriptional factors, a TATA box, and a cap site 
(413,415), although removal of all known response ele- 
ments does not appear to ablate entirely B gene regulation 
(273,274). In the context of the viral genome introduced 
by infection into permissive cells, these genes require the 
expression of a genes and especially of functional ICP4. 
The level of expression of the tk gene in the presence of 
functional a proteins is higher than that seen in cells sta- 
bly expressing the tk gene in the absence of other viral 
genes (337). 

It would seem that fra^s-activation of B genes in the 
context of the viral genome involves two functions, i.e., (i) 
release from a repressive state and (ii) fraws-activation. 
Since neither occurs at the nonpermissive temperature in 
cells infected with ts mutants in the a4 gene, then at least 
one, the initial event, depends on ICP4. To aficionados of 
transient expression, it is worthwhile to point out that, in 
cells transfected and selected for tk activity, the ratio of in- 
duced to basal enzyme activity after /raws-activation with 
virus is considerably lower than that obtained in cells trans- 
fected with a plasmid containing the tk gene and another 
marker and selected for the other, covalently linked mark- 
er (337). We interpret this to indicate that, for a constant 
ratio of tk genes per cell, the fraction of derepressed tk 
genes is higher in the cells selected for the TK enzyme ac- 
tivity but that a4 derepresses tk genes in both systems to 
about the same level. 

There is little doubt that /raws-activation of B genes is 
enabled by ICP4. The wording of this statement itself be- 
trays how little we know of the precise mechanism by which 
this takes place. 
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Regulation of 7 Gene Expression 

The key questions regarding 7 gene regulation are why 
are the genes not expressed early in infection, what is the 
nature of /ra/w-activators, and what is the identity of the 
as-acting sites? The mechanism by which HSV regulates 
its late gene expression remains a formidable challenge 
and, as such, deserves special consideration. While the 
exact mechanism for 7 gene regulation has yet to be elu- 
cidated, there is evidence for (a) involvement of a proteins, 
(b) inhibition of expression early in infection, (c) response 
elements in both 5' transcribed noncoding and coding do- 
mains of 7 genes, and (d) activation of gene expression 
after the onset of viral DNA synthesis. 

Environmental Constraints on y Genes for Proper 
Expression 

Initial studies on HSV-1 7 genes were done in transient 
expression systems transfected with chimeric genes con- 
sisting of a reporter gene under the control of a 7 gene pro- 
moter. In these studies [e.g., those of Dennis and Smiley 
(141) on 7, VPS or those of Silver and Roizman (625) on 
7 2 UL49.5 promoters], the expression of the y-tk gene trans- 
fected into TK-negative cells was low compared to that of 
the tk under its natural promoter. The expression was in- 
creased by infection of the cells with a tk" mutant. Silver 
and Roizman (625) found that, when cells were treated 
with the inhibitor of viral DNA synthesis, PAA, and in- 
fected with a tk" mutant, the cells still produced high lev- 
els of TK activity. Thus the tk gene was regulated as a 13 
gene rather than as a 7 gene. Similar results were obtained 
with cell lines that contain a stably integrated gC, a 7 2 gene 
(14). In the environment of the cellular genome, the gene 
was not expressed unless the cells were infected with HSV 
In addition, gC was produced in cells infected with a ts 
DNA" virus at the nonpermissive temperature or infected 
with wild-type virus and treated with PAA, indicating that 
it was regulated as a 8 gene. These observations led to the 
conclusion that 7 genes must be studied within the context 
of a viral genome in productive infection. 

Dependence of 7 Gene Expression on Viral DNA 
Synthesis 

Two key hypotheses could explain the dependence of 7 
gene expression on DNA synthesis. The first is that 7 genes 
are negatively regulated during the early phase of viral in- 
fection either (i) by the binding of trans-acting negative 
factors or (ii) by constraints placed on the late genes by a 
particular DNA secondary structure formed in the vicini- 
ty of the 7 genes. Viral DNA replication could, in either 
case, relieve the block and allow full expression of 7 genes. 
The second hypothesis predicts the production or modifi- 
cation of a trans-acting factor during viral DNA replica- 
tion that allows the activation of 7 gene expression. 



To differentiate between these two hypotheses, cells in- 
fected for 6 hr with a tk" mutant were placed in a medium 
containing PAA and superinfected with a virus containing 
its tk gene under the control of the promoter of the 7 2 49.5 
gene. Assays done on the doubly infected cells failed to 
detect the expression of the tk gene of the superinfecting 
virus and indicated that the expression of 7 genes is tight- 
ly linked to viral DNA synthesis and the effect of DNA 
synthesis is mediated by a m-acting function (397). 

It has been reported that ICP8, the HSV-1 single-stranded 
DNA binding protein essential for viral DNA synthesis, 
may be a negative regulator of 7 gene expression. In addi- 
tion, ICP8 is an essential protein for viral DNA synthesis 
inasmuch as the mutant HSV-1 KOS1.1 tslS, at the non- 
permissive temperature, blocked viral DNA synthesis but 
allowed low level expression of the 7 2 gC gene even in the 
presence of inhibitors of DNA synthesis (218). Converse- 
ly, certain mutants in the a27 gene downregulate 7 gene 
expression in the face of DNA synthesis, as does an a22" 
mutant in restrictive cells. Viral DNA synthesis is neces- 
sary but not sufficient for the proper expression of 7 genes. 

Role of a and fi Gene Products in y Gene Regulation 

The roles of a and 6 genes in the expression of 7 and, 
particularly, 7 2 genes may be summarized as follows. First, 
functional ICP4 is required but is not sufficient for the ex- 
pression of 7 genes. Second, in most instances tested, ICPO 
enhances the capacity of ICP4 to /raws-activate 7 genes. 
The hypothesis that aO regulates 7 gene expression by reg- 
ulating a27 which in turn affects the switch from 8 to 7 
gene expression is interesting, but much more data will be 
needed to support it (90). Third, deletion of the ICP27 gene 
resulted in the downregulation of the expression of 7 genes. 
In the case of specific mutants in this gene, 7 gene ex- 
pression was reduced, notwithstanding viral DNA synthe- 
sis (235,398,419,533,534,635). Fourth, the requirement for 
ICP22 for optimal gene expression is cell-type dependent 
(603). As noted above, ICP22 is posttranslationally modi- 
fied by phosphorylation by U L 13 (521). In the absence of 
U L 13, 7 2 gene expression is phenotypically similar to that 
seen in cells infected with U L 13" virus (520). Fifth, other 
than the C genes required for viral DNA synthesis and the 
protein kinase described above, several others exert a pro- 
found effect on the expression of 7 genes. 

Cis-Acting Sites Involved in y Gene Regulation 

There is an incipient convergence of views on the struc- 
ture of 7 gene promoters and, particularly, of 7 2 promot- 
ers. One series of studies suggested that they consist sim- 
ply of a specific TATA box (188,257,294). Indeed, Johnson 
and Everett (294) reported that the cap site and TATA box 
of the gene encoding U s l 1 is all that is required for "fully 
efficient regulated activity." At the other extreme, Mavro- 
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mara-Nazos and Roizman (396) demonstrated that a re- 
porter gene driven by the 5' nontranscribed sequences of 
the tk (8) gene fused to the 5' transcribed noncoding do- 
main of the U L 49.5, a 7 2 gene, was regulated as a 7, gene, 
leading to the hypothesis that response elements of y 2 genes 
are located in the 5' transcribed noncoding domains and 
that fusion of the 6 5' untranscribed domains to the 7 2 re- 
sponse elements yields promoters with characteristics of 
7, genes. Similar results were obtained with a chimeric 
promoter consisting of the tk 5' untranscribed region fused 
to the gC (a 7 2 gene) 5 ' transcribed noncoding domain (258, 
396,722). Homa et al. (258) concluded that the 7 2 response 
elements resided in the 5' transcribed noncoding domains. 
The situation may be far more complex. Thus the U L 24, a 
7 gene, was expressed when its TATA box was replaced by 
that of the gC (7 2 ) gene but not when it was replaced by 
the TATA box of the R-tk gene or that of the 7 2 U s 1 1 gene 
(308). Linker-scanning mutations in the gC and gH pro- 
moters led to the conclusion that the genomic sites impor- 
tant for the expression of 7 2 genes are the TATA box, the 
cap site, and nucleotides +30 to +40 relative to the cap site 
(656). The mutations in the TATA box and cap site affected 
transcription, whereas the mutation in the 5' transcribed 
noncoding domain had little effect on transcription but had 
a dramatic effect on the amount of reporter protein pro- 
duced. Although all three mutations reduced the expression 
of the reporter gene, none altered its temporal regulation. 

Clues to the possible function of the 7 2 5' transcribed 
noncoding domains emerged from studies of a series of 
chimeric genes consisting of the gC (7 2 ) 5' untranscribed 
and transcribed noncoding domains fused to the chick oval- 
bumin coding sequences and inserted into the viral genome. 
The key observation is that some genes with deletions with- 
in the 5' transcribed noncoding domain were expressed in 
the presence of cycloheximide, although the indicator gene 
was expressed to a higher level late in infection (R. King, 
M. Arsenakis, A. Poon, and B. Roizman, unpublished data). 

At least two hypotheses could explain the observation 
that deletion mutants in the 5' transcribed noncoding se- 
quences of a 7 2 gene could be expressed as an a gene. First, 
the 5 ' noncoding domain may contain a site that allows the 
binding of specific /rans-acting proteins necessary for the 
regulation of 7 2 gene expression. A survey of several 7 2 
genes of the published HSV-1 DNA sequence (402) failed 
to reveal a potential response element conserved in all or 
most 7 2 genes, although the data do not exclude the possi- 
bility that the shared response element is highly degener- 
ate. Second, the 5' transcribed noncoding domain may form 
a secondary structure which affects expression of the 7 2 
genes. Specifically, analyses of the nucleotide sequences 
with the RNAFOLD program (Genetics Computer Group, 
Madison, WI) led to the conclusion that the 7, 5' transcribed 
noncoding domains could form long and apparently stable 
stem-loop structures, although evidence that they actually 
exist is lacking. Whereas the wild-type sequence is poten- 
tially capable of forming a stem 25 bp long, the mutation 



which confers upon the chimeric gene the capacity to be., 
expressed as an a gene lost the ability to form a stable stem- 
loop structure (R. King, M. Arsenakis, A. Poon, and B. 
Roizman, unpublished data). 

Irrespective of whether the secondary structure theory 
is supported by future studies, the available data suggest 
that the 5' transcribed noncoding domains contain response 
elements for a repressor which precludes expression of 7 2 
genes under conditions which enable the expression of a 
and B genes and an activator which enables their expres- 
sion in the absence of the repressor (R. King, M. Arsenakis, 
A. Poon and B. Roizman, unpublished data) (397). It is 
tempting to speculate that the function of DNA synthesis 
and of ICP8 is to disable the repressor and that the func- 
tion of ICP27 relates to the function of the fra/ty-activator. 
The available data also suggest that the repressor is absent 
or inactive in 7 genes embedded in the context of nonvi- 
ral episomes or cellular chromosomes. 

Posttranscriptional Regulation 

The evidence for posttranscriptional controls is based 
on reports that translocation of viral transcripts into the cy- 
toplasm appears to be regulated (298,300,329). Specifi- 
cally, the genetic complexity of the RNA accumulating in 
the nuclei of cells infected with HSV in the presence of 
cycloheximide and maintained in medium containing the 
drug was greater than that observed in the cytoplasm. In 
retrospect, the interpretation of the data is not clear. The 
failure to demonstrate RNA complementary to 6 genes 
(e.g., to the tk gene) in nuclei of infected cells treated with 
cycloheximide (361) suggests that the transcripts accu- 
mulating in the nuclei might be random transcripts of the 
DNA rather than transcripts of specific genes belonging 
to the 6 and 7 groups. 

The evidence for translational regulation is based on sev- 
eral observations. Specifically, the inhibition of host pro- 
tein synthesis by structural components of the virion soon 
after infection (184,458,530) and the inhibition of a gene 
product synthesis by subsequent gene expression (183,262) 
are translational events, inasmuch as they occur in physi- 
cally and chemically enucleated cells. A significant find- 
ing to emerge from the studies by Read and Frenkel (530) 
is that virion structural components exert an inhibitory ef- 
fect on both host and a protein synthesis, inasmuch as mu- 
tants defective in the virion host shut-off function produce 
more a gene products than their wild-type parents. 

Lastly, several studies reported here have ascribed post- 
transcriptional regulatory functions to ICP27 and to the 
two protein kinases encoded by U L 13 and U s 3, respectively. 

HSV Gene Regulation: 

The Problem in Experimental Designs 

The "gold standard" for the studies of viral gene regu- 
lation is the pattern of expression in productive infection 
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of natural or reporter genes contained in the viral genome. 
Tests of modified trans- or c/s-acting domains of individ- 
ual genes are easier to perform and may, in some cases, be 
more meaningful if they can be done in the environment 
of the cell and in the presence of only a minimal amount 
of viral genetic information. However, the validity of such 
tests hinges on the extent to which they reproduce the reg- 
ulation of the gene embedded in the viral genome and ex- 
pressed in the course of viral infection. The expression of 
isolated a genes, in biochemically transformed cells or in 
transient expression systems, appears to mimic to some 
extent the regulation of the corresponding genes contained 
in viral genomes during productive infections (498). 
Notwithstanding the massive number of transfections which 
argue that ICPO is a promiscuous /raws-activator, support- 
ing evidence from studies on deletion mutants in the aO 
gene is not readily available. The transfection system ap- 
parently fails if more than two components of the regula- 
tory pathway are introduced into the cell simultaneously, 
for example, the cotransfection of otTIF, a4, and the in- 
tended target gene of a4 (542). In the case of -y 2 genes, the 
transient expression system yields totally false results; viral 
genes permanently integrated in cellular genomes or tran- 
siently expressed after transfection are regulated as 6 genes 
(14,47,625). The transfection system has given rise to a 
veritable cottage industry, but the data generated by it are 
not totally reliable. What is the evidence that viral genes 
other than those carrying the a c/s-acting sites can be reg- 
ulated in that system in a mode which resembles viral gene 
regulation? If 7 2 genes are regulated as B genes, what is 
then the evidence that B genes in transfected cells are reg- 
ulated as bona fide B genes? 

FATE OF THE INFECTED CELL 

Cells productively infected with herpesviruses do not sur- 
vive. Almost from the beginning of the reproductive cycle, 
the infected cells undergo major structural and biochemi- 
cal alterations that ultimately result in their destruction. 

Structural Alterations 

Changes in Host Chromatin 

As described in detail elsewhere (557) and shown in Fig. 
4, one of the earliest manifestations of productive infec- 
tion is in the nucleolus; it becomes enlarged, displaced to- 
ward the nuclear membrane, and ultimately disaggregates 
or fragments. Concurrently, host chromosomes become 
marginated, and later in infection the nucleus becomes dis- 
torted and multilobed. The numerous protrusions and dis- 
tortions have in the past been mistaken for amitotic divi- 
sion (302,602). Margination of the chromosomes may or 
may not be linked with the chromosome breakage report- 
ed by numerous investigators (557). 



Virus-Induced Alteration of Cellular Membranes 

Duplication and Folding of Intracellular Membranes 

Changes in the appearance of cellular membranes and, 
in particular, of nuclear membranes is characteristic of cells 
late in infection. Deposition of material (tegument pro- 
teins?) on the inner surface facing the nucleoplasm or cy- 
toplasm, but not in the space between inner and outer lamel- 
la or cisternae of the endoplasmic reticulum, results in the 
formation of thickened patches along the membranes. Ul- 
timately, the patches in the nuclear membrane coalesce and 
fold upon themselves to give the impression of redupli- 
cated membranes (Fig. 6) (1 1 1,166,356,401,439,454,500, 
601,624,743). 

Insertion of Viral Proteins into Cellular Membranes 

The first inkling that herpesviruses modify cellular mem- 
branes was based on the observations that mutants differ 
from wild-type strains with respect to their effects on cells; 
while wild-type viruses usually cause cells to round up and 
clump together, some mutants cause cells to fuse into 
polykaryocytes (158,552). These observations led to the 
prediction that herpesviruses alter the structure and anti- 
genicity of cellular membranes — a prediction fulfilled by 
the demonstration of altered structure and antigenic speci- 
ficity (541,564,563,569) and the presence of viral glyco- 
proteins in the cytoplasmic and plasma membranes of in- 
fected cells (243,567,568,642). 

Polykaryocytosis 

Both HSV-1 and HSV-2 cause infected cells to round up 
and cling to each other. Some viral mutants cause cells to 
fuse into polykaryocytes; this fusion may be cell type spe- 
cific or cell type independent (158,252,582). Polykary- 
ocytosis has been studied for several reasons: as a probe 
in the structure and function of cellular membranes, re- 
flected in the "social behavior of cells;" as a tool for analy- 
ses of the functions of viral membrane proteins; and as a 
model of the initial interaction between HSV and suscep- 
tible cells that results in the fusion of the viral envelope 
and the plasma membrane (74,552,639,640). Cell fusion 
induced by HSV also requires conditions which favor pro- 
cessing of high-mannose glycans to complex glycans, but 
in this instance it is not clear whether complex glycans 
must be present only in viral glycoproteins present on the 
surface of the infected recruiter cells or on both the re- 
cruiter cells and on the uninfected cells to be recruited into 
polykaryocytes (74,639,640). 

Polykaryocytosis can be viewed as an aberrant mani- 
festation of the interaction of altered membrane domains 
of infected cells and unaltered membranes of juxtaposed 
cells (552). Genetic analyses have shown that mutations 
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(syri) which confer the capacity to fuse cells map in at least 
five and possibly more loci within the viral genome (22,54, 
132,367,386,491,493,576,582,748). These loci map with- 
in the domains of gB, gK, gL, U L 24, and U L 20. One inter- 
pretation of this observation is that the membrane proteins 
form complexes whose structure and conformation become 
altered by mutations in any of the component polypeptides 
and that the changes in the conformation are similar to 
those which occur in the envelopes of virions interacting 
with the plasma membrane (582). 

Host Macromolecular Metabolism 
Background 

A characteristic of herpes virus-infected cells is the rapid 
shut off of host macromolecular metabolism early in in- 
fection. Thus, host DNA synthesis is shut off (562), host 
protein synthesis declines very rapidly (554,674,676), and 
glycosylation of host proteins ceases (642). 

Herpes simplex virus-induced host shut off occurs in 
two stages. The first stage, documented initially by Fen- 
wick and Walker (184) and by Nishioka and Silverstein 
(456-458) involves structural proteins of the virus and does 
not require de novo protein synthesis. Thus, HSV shuts off 
host protein synthesis in physically or in chemically enu- 
cleated cells (183); the shut off was effected by density 
gradient-purified virus but not by purified virus inactivat- 
ed by heating or neutralization with antibody. The shut off 
is faster and more effective in HSV-2- than in HSV- 1 -in- 
fected cells; this observation permitted the initial mapping 
of the genetic locus that confers upon HSV-1 X HSV-2 re- 
combinants the accelerated shut off characteristic of HSV- 
2(181). Isolation of vhs mutants which fail to shut off host 
polypeptide synthesis in HSV-infected cells (530) has 
demonstrated more conclusively that this function is due 
to a virally encoded protein. 

The second stage requires de novo synthesis of proteins 
after infection (183,261,262,456,457,627). The shut off co- 
incides with the onset of synthesis of 6 proteins, but the 
experimental results do not exclude the possibility that the 
shut off is caused by 7 rather than 6 gene products. 

Expression of the vhs Gene and the Function of Its 
Product 

The vhs function was initially mapped to 0.52 to 0.59 
by (181). Isolation of a mutant defective in this function 
(530) allowed further mapping of the gene responsible. 
Mapping studies by Oroskar and Read (469) and Kwong 
et al. (342) have identified sequences mapping from 0.604 
to 0.606 on the viral genome (U L 41 open reading frame) 
as being responsible for the vhs~ phenotype of the mutants. 
U L 41 RNA is expressed as a 7, gene (200). The products 
of U L 41 are an abundant phosphoprotein of M r 58,000 and 



a less abundant, more extensively phosphorylated protein 
of apparent M r of 59,500. Only the faster migrating pro- 
tein is found in virions (53 1). It has been reported that the 
U 2 41 protein forms a complex with VP 16 (630). 

Early studies showed that virion components were re- 
sponsible for destabilization and degradation of host mRNA 
(184). Further studies have led to the conclusion that the 
virion component responsible for both mRNA destabi- 
lization and degradation, vhs, is also responsible for a 
nondiscriminatory destabilization and degradation of viral 
a, B, and 7 mRNAs (182,342,469,595,670). 

In cells infected with the vhs' mutant, host protein syn- 
thesis is not shut off at least early in infection; a and B pro- 
tein synthesis are somewhat prolonged compared to wild 
type. Both of these effects have been shown to be due to a 
stabilization of host and viral mRNAs; in cells infected by 
vhs' mutants, mRNAs are not degraded as rapidly as in cells 
infected by wild-type virus. 

This function confers at least two advantages on the 
virus. First, it removes preexisting host mRNA from the 
pool of translatable messages, allowing the viral mRNAs 
to take over the pool rapidly. Second, destabilization of 
viral mRNAs allows a rapid transition from one regulato- 
ry class to the next. In the absence of the vhs function, a 
and B proteins are produced beyond the time spans nor- 
mally seen; the positive transcriptional controls discussed 
in the rest of this paper are not enough to ensure efficient 
a to B and B to 7 transitions. Although the vhs~ mutation 
is not lethal, wild-type virus does have a growth advantage 
in tissue culture, indicating that efficient separation of the 
regulatory classes is helpful to the virus. 

VIRULENCE 

Virulence, if defined as the ability of the virus to cause 
disease, is composed of several parts. During infection of 
humans, viral disease includes primary and recurrent ep- 
ithelial lesions as well as disseminated disease and en- 
cephalitis. In studies on the molecular basis of disease in- 
duced by HSy the end point of the research objective — the 
disease — is often taken to be synonymous with the de- 
struction of central nervous system (CNS) tissue. In healthy 
nonimmunocompromised humans, encephalitis occurs 
rarely but with catastrophic results (727). In experimental 
animals, it is frequently a major component of the disease. 
Neurogrowth, as measured solely by intracerebral inocu- 
lation of virus, is the most commonly measured aspect of 
virulence. Direct injection of virus into the CNS measures 
the capacity of the virus to destroy an amount of CNS tis- 
sue that will result in death before the immune system 
blocks further virus spread. Because in most instances de- 
struction of the CNS and death are related to virus multi- 
plication, in quantitative terms, the growth of the virus in 
the CNS is measured in terms of the amount of virus re- 
quired to reach a specific level of mortality (50% of inoc- 
ulated animals). 
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A second attribute of virulence is invasiveness — the ca- 
pacity to reach a target organ from the portal of entry. To 
disseminate to the target organ, it may be necessary for the 
virus to multiply at peripheral sites. In experimental sys- 
tems, virulence is composed of (a) peripheral multiplica- 
tion, (b) invasion of the CNS, and (c) growth in the CNS. 
Peripheral growth and invasiveness into the CNS can be 
quantified by measuring the amount of virus recovered at 
the peripheral site and in the CNS as a function of the quan- 
tity of virus inoculated at a peripheral site, i.e. footpad, eye, 
ear, and so forth. 

Several types of studies have been done to define genes 
required for neurovirulence or neuroinvasiveness. In the 
first, the doses lethal to 50% of inoculated animals (LD 50 
values) of wild-type isolates taken either from CNS tissues 
of encephalitic patients or from facial or genital isolates 
of the same patients or from normal individuals have been 
compared in mice inoculated by intracerebral or peripher- 
al routes. Although the encephalitis isolates appear to have 
a slightly lower average LD 50 as compared to nonen- 
cephalitis strains, no correlation was apparent between en- 
cephalitis in humans and neurogrowth or neuroinvasive- 
ness in experimental animals (R. J. Whitley, personal 
communication). However, as a variant of this approach, 
infection of neurons in culture has indicated that virus iso- 
lates from encephalitis cases are better able to infect and 
be transported to the cell body than isolates from periph- 
eral lesions (40). 

Numerous studies have been undertaken to assess the 
relative abilities of various viral mutants to grow in the 
CNS after direct intracerebral inoculation. What has 
emerged from the accumulated data is that so-called neu- 
rovirulence factors are not the exception, but the rule. In 
almost all virus mutants tested to date, including a num- 
ber of HSV-1 X HSV-2 recombinants, many ts viruses, a 
variety of spontaneous mutants, and a myriad of recombi- 
nant viruses with deletions in one or more genes, LD^ val- 
ues following intracerebral inoculation ranged from 100- 
to 100,000-fold higher than those of the parental strains. 
Experiments utilizing nongenetically engineered viruses 
mapped loci implicated in "neurovirulence" to a number 
of regions, including the tk gene and sequences around the 
right terminus of the L component (82,185,282-284,322, 
51 1,577,652,689,690). Recombinant viruses with elevat- 
ed intracerebral LD 50 values include those with deletions 
in the genes encoding ICP22, U2, U s 3 protein kinase, U L 13, 
U L 16, U L 24, gG, gJ, gE, gl, ribonucleotide reductase, TK, 
7,34.5, U L 55 and U L 56 (E. Kern, B. Meignier, J. Baines, 
R. J. Whitley, A. Sears, and B. Roizman, unpublished re- 
sults) (68,421,422,603,718,728). Most of the attenuated 
deletion mutants listed above also exhibit impaired growth 
in peripheral tissues (e.g., cornea), as assayed either by the 
occurrence of epithelial lesions or by quantitation of in- 
fectious virus in the tissues, indicating that the genes delet- 
ed are required generally for growth in differentiated and/or 
polarized cells, not specifically for growth in neurons or 



in CNS tissues (A. Sears, B. Meignier, and B. Roizman,^ 
unpublished results) (57,279,280). In fact, the only genes 
that have, to date, been shown not to be required for neu- 
rovirulence in the murine model are gC, U s 9, U s 10, U s l 1, 
and <x47 (R. J. Roller and B. Roizman unpublished data) 
(459). Since the function of a47 appears to be human cell 
specific (754), it is conceivable that, if the U s 9-1 1 gene 
cluster shares in this property, their function will be inap- 
parent in the mouse. 

The animal models have thus so far failed to identify 
any viral function uniquely required for neurogrowth. 

LATENCY 

The ability of HSV to remain latent in the human host 
for its lifetime is the unique and intellectually most chal- 
lenging aspect of its biology. The virus enters sensory nerves 
innervating the cells of mucosal membranes (Fig. 12). In 
latently infected neurons, the viral genome acquires the 
characteristics of endless or circular DNA (195,424,543, 
544). To our knowledge, the virus expresses'no functions 
which are required for the establishment or maintenance of 
the latent state. In a fraction of neurons harboring latent 
HSy the virus is periodically reactivated; infectious virus 
is carried back to peripheral tissues by axonal transport 
(110), usually to cells at or near the site of initial infection 
(81,122,222,551). Depending on the host immune response, 
the resulting lesion may vary considerably in severity, from 
barely visible vesicles to rather severe, debilitating lesions 
in immunosuppressed individuals. The clinical aspects of 
latent infection and reactivation are discussed in Chapter 
73. This section concerns the molecular biology of latency. 

HSV Latency in Experimental Systems 

Experimental Models 

The most useful model systems are mice, guinea pigs, 
and rabbits. In the mouse, latent infection is readily estab- 
lished after eye, footpad, or ear inoculation, but the rate of 
spontaneous reactivation is extremely low (50,51,248,249, 
662). Latent virus in the rabbit does reactivate sponta- 
neously (450). The guinea pig shows recurrent lesions after 
vaginal infection with high doses of HSV-2 (651). 

At the other extreme are latency models in cells cultured 
in vitro. Neurons are nonpermissive at the time they har- 
bor the virus in the latent state, and in the ganglia their per- 
missivity is transient. When placed in culture, neurons be- 
come permissive. Those that contain latent virus activate 
its multiplication. It has been reported that neurons retain 
virus in a latent state in the presence of nerve growth fac- 
tor and, conversely, that the virus is activated when the 
growth factor is withdrawn (734). In this system, only la- 
tency-associated transcripts (LAT) are detectable (146). A 
protein encoded by an open reading frame within the sta- 
ble LAT intron has been reported (147), but the detected 
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FIG. 12. Natural course of HSV infection in vivo. Virus first replicates in epithelial cells (squares) at 
the portal of entry and then moves through neurites (curved lines) to establish latent infections in neu- 
rons (ovals). 



protein is several times the predicted size, and the report 
has never been confirmed. Attempts to detect proteins en- 
coded by several of the major open reading frames 3 ' of 
the 7,34.5 gene but within the domain of the 8.3-kb LAT 
have been unsuccessful (346). 

A number of laboratories have reported the maintenance 
of the viral genome by rendering cells nonpermissive by a 
variety of methods (106,107,578,729-733). To our jaun- 
diced eye, the state of nonpermissivity induced in cells in 
culture by elevated temperatures, interferon, or antiviral 
drugs is not equivalent to the nonpermissive state of the 
neuronal cells in vitro. 

The events transpiring in animal models can be divided 
into several stages. After infection with wild-type viruses, 
virus replication ensues in the tissues at or near the site of 
inoculation. Under normal conditions, this initial multi- 
plication probably ensures contact with and entry into the 
sensory nerve endings. In animal models, perhaps because 
of the huge inoculating doses normally used, this step is 
not required; even mutants totally deficient in replication 
capability are able to establish latent infections following 
corneal inoculation (306). The capsid is transported to the 
neuronal nucleus (331,378). Studies on neurons cultured 
in vitro indicate that the viral capsids are transported by 
retrograde axonal transport involving microtubules; drugs 
that disrupt neuronal microtubule structures, or that are 
known to inhibit retrograde transport of certain compounds, 
also inhibit the ability of the virus to move from the pe- 
ripheral endings of neurons to the nuclei (33 1). Electron 
microscopic studies indicate that, in neurons infected in 
cell culture, the viral particle being transported is the un- 
enveloped capsid (378). 

In animal models, there is a short period of viral repli- 
cation in the ganglia at this stage (312,314-317,407,408, 
512,513,698,697,71 1,739). It is not known whether this 



also occurs in humans or, as seems more likely, is an arti- 
fact due to the animal system, route of inoculation, induc- 
tion of host /raws-activating factors, or the large amount of 
virus used in the inoculum to attain a high percentage of 
latently infected ganglia. For example, corneal scarifica- 
tion, discussed below, has been reported to induce a num- 
ber of host fraws-activating factors and viral genes (ICP4, 
VPS) in neurons harboring latent virus (699). 

In the second stage, at most 2 to 4 weeks after inocula- 
tion, no replicating virus can be detected in the sensory 
ganglia innervating the site of inoculation. 

In the last stage, certain stimuli (e.g., physical or emo- 
tional stress, peripheral tissue damage or intake of certain 
hormones in humans, and both peripheral tissue damage 
and administration of drugs that stimulate prostaglandin 
synthesis in experimental animals), may result in activa- 
tion of virus multiplication concurrent with axonal trans- 
port of the virus progeny, usually to a site at or near the 
portal of entry. Although the issue is still being debated, 
the sum of all of the data currently available strongly sug- 
gest that virus multiplication results in destruction of the 
neuronal cell. 

Role of Viral Multiplication at the Portal of Entry in 
the Establishment of the Latent State 

There are several important facets of latent infections 
which relate to the role of virus multiplication, both at the 
portal of entry and in the neurons harboring the virus. 

(i) As noted above, HSV must have access to the nerve 
endings in order to establish latency, and therefore it 
could be expected that the greater the number of pe- 
ripheral cells that become infected and support virus 
multiplication is, the larger the number of neurons 
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which will harbor latent virus. The relevant phenom- 
enon in humans is that the frequency of reactivations 
resulting in recrudescences of lesions is related to the 
severity of lesions caused by the first infection. In the 
model we have proposed below, the frequency of re- 
currences would be determined in part by the number 
of neurons harboring virus. However, in animal mod- 
els, there is no absolute requirement for peripheral 
replication. Viruses lacking the essential ot4 and all 
genes, totally unable to replicate in any cell in vivo, 
were shown to be able to establish and maintain latent 
infections (304,609). 
(ii) Many years ago, it was proposed that the latent virus 
makes a "round trip," i.e., the reactivated virus re- 
established the latent state by infecting the nerve end- 
ings of hitherto uninfected neurons (313). Current- 
ly, available evidence does not support this hypothesis. 
First, it is very difficult to superinfect in experimen- 
tal systems ganglia harboring latent virus with a sec- 
ond, marked virus (423). Perhaps even more signif- 
icant, the "round trip" does not appear to take place 
in humans even under conditions which would favor 
such a phenomenon. Thus, in a small number of in- 
dividuals, mutations which were virulent and acy- 
clovir resistant have arisen (164,477). Recurrent le- 
sions which emerged after the mutant was eliminated 
with the aid of other drugs did not contain the acy- 
clovir-resistant virus. While this phenomenon has 
been attributed to rapid elimination of the peripher- 
al infected cells by the immune system (82), the ob- 
servations may have more profound implications, 
inasmuch as induction of latent virus should elimi- 
nate it from the ganglion. 

Viral Gene Expression in Latently Infected Neurons 

Extensive studies on ganglia harboring latent HS V have 
been rewarded by an extreme paucity of evidence for viral 
gene expression. The only transcript detected to date is one 
designated optimistically as the LAT (663). This transcript 
is abundant and accumulates in the nuclei of neurons of 
latently infected animals and humans (330,545,659,663, 
664). The transcript, originally identified as an abundant, 
nuclear RNA (664), is now believed to be a stable intron 
(178), approximately 2 kb in length, derived from a pri- 
mary transcript of approximately 8.3 kb (434,757). The in- 
tron itself can be spliced (708,719). The LAT RNAs are 
conserved in a very similar form in HSV-2 (433). It is dif- 
ficult to believe that these viruses have conserved through- 
out evolution the expression of a transcript with no func- 
tion. However, the fUnction of LAT during latency remains 
elusive. Confounding the issue are the accumulated mass- 
es of data indicating that LAT is not absolutely required 
for the establishment or maintenance of latency (25 1,608, 
658) or for reactivation of latent virus (48,250,357,696). 
Experiments must, therefore, be designed to measure small 



differences in reactivation rates or frequencies, which can 
be difficult to reproduce. There have been conflicting re-" 
ports on whether expression of LAT during latency affects 
reactivation (40,250,357,696); however, in the absence of 
data on the number of neurons actually harboring latent 
virus, it is difficult to determine whether this decrease is 
due to a true defect in reactivation or to an earlier defect 
in peripheral replication or establishment of latency. 

Because it runs in part antisense to the 3' terminus of 
the a0 gene, it has been postulated that the function of LAT 
is to preclude the expression of a0 (664). In this case, how- 
ever, it would seem that the absence of LAT would allow 
expression of a0 mRNA, and this does not appear to be 
so. It has also been postulated that either the primary, 
polyadenylated transcript or the stable intron may encode 
a protein and that the fiinction of LAT, whatever that may 
be, is carried out by this protein. To date, numerous at- 
tempts by several laboratories to identify a protein encod- 
ed by LAT and expressed during latency in vivo have failed. 
As noted above, antibodies to a peptide homologous to one 
open reading frame within the nonpolyadenylated intron 
sequence have been shown to react with a protein expressed 
during nonproductive infection of sensory neurons in cul- 
ture; in this case, however, the reactivity of the antiserum 
with the sensory neurons in situ has not been reported (147). 

Confounding a total rejection of viral functions expressed 
for the establishment or maintenance of the latent state is 
the recent discovery of an open reading frame antisense to 
7,34.5 and which expresses a protein (346). The transcript 
was detected late in infection and in nuclear run-off ex- 
periments, but not in cells treated with cycloheximide from 
the time after infection (53,75 1). However, tagged ORF P 
protein was detected in cells infected and maintained at 
37°C in the present of cycloheximide and then allowed to 
make proteins in the presence of actinomycin D (346a). 
The transcript or the protein it encodes has been detected 
early in infection in cells infected with ot4" virus (751) or 
at nonpermissive temperature with mutants in the a4 gene 
(346). Although attempts to detected the transcript in la- 
tently infected neurons have been unsuccessful (751), the 
results remain inconclusive since both the transcript and 
the protein are made in very small amounts, and Yeh and 
Schaffer (751) failed to detect the 8.3-kbp LAT which con- 
tains the sequences contained in the ORF P transcript. An 
added complication is that ORF P and the 7,34.5 open read- 
ing frame are virtually superimposable, albeit antisense to 
each other. At least with respect to HSV-1, mutations in 
the 7j34.5 gene result in a decreased incidence of latency 
and reactivation in the murine model (728). 

One of the central issues of HSV latency is why there is 
no transcription in sensory neurons of promoters expressed 
in a wide variety of other cell types, particularly the a 
genes. As discussed in the section on regulation, tran- 
scription of a genes is induced by a combination of host 
and viral factors. It is conceivable then that the lack of a 
gene expression in sensory ganglia could be due to (a) a 
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lack of the viral a trans-inducing factor, (b) a lack of host 
factor, (e.g., Oct-1) required for aTIF function, or (c) a di- 
rect repression of the a gene promoters, as opposed to a 
lack of induction. The first possibility was tested using a 
recombinant virus that contained an insertion of a second 
copy of the aTIF gene under the control of the mouse met- 
allothionein promoter (604). Despite expression of the 
chimeric aTIF gene in latently infected sensory neurons, 
latent infection continued. Furthermore, expression of the 
same chimeric gene in transgenic mice also failed to pre- 
vent establishment or maintenance of latency. In situ hy- 
bridization with probes specific for Oct-1 demonstrated 
detectable levels of Oct-1 mRNA in the sensory neurons 
of the MT-aTIF transgenics (V Hukkannen and B. Roiz- 
man, unpublished data), indicating that the presence of 
both aTIF and Oct-1 was insufficient to prevent latent in- 
fection. Similar studies on the a0 and a4 genes have also 
failed to block the establishment of latency (R. Fawl, V 
Hukkannen, and B. Roizman, in preparation). 

Another series of experiments has shown that corneal 
scarification, commonly used in inoculation, causes in- 
duction of transcription of several viral genes and host 
^raws-activating factors (Oct-1, c-jun, and c-fos) (699). 
At this point, a cause-and-effect relationship between the 
upregulation of one of these factors and the reactivation 
of latent virus has not been defined, but is an intriguing 
possibility. 

Copy Number of Viral DNA in 
Latently Infected Neurons 

In a different category from LAT is the observation that, 
in trigeminal ganglia harboring latent virus, there are be- 
tween 0.1 and 1 viral genome equivalents per cell genome 
(65,515,543,544). This datum poses an intriguing ques- 
tion. Heretofore, the number of neurons harboring virus 
was thought to be between 0. 1% and 3% of the total neu- 
rons. A recent report by Rodahl and Stevens (546) indi- 
cates that, under some circumstances, the number can be 
higher; however, neurons account for only about 1 0% of 
the total cells in a sensory ganglion. Unless viral genomes 
are contained in every single cell in a ganglion, including 
glial cells, it is obvious that, as we first calculated a num- 
ber of years ago (566), each latently infected neuron must 
contain more than one viral genome. 

Two series of experiments indicate that, as we have pre- 
viously predicted (566), replication of viral DNA by viral 
enzymes is not necessary for the establishment of latent 
infections and is not responsible for the attainment of the 
high copy number. In these experiments (629,645,646), 
mice were infected by the footpad route, and assays of LAT, 
lytic antigens, and DNA copy number were done. Although 
there was a correlation between levels of lytic replication 
and the level of viral DNA per LAT+ neuron, even those 
ganglia which showed little or no signs of viral antigen ex- 
pression still had DNA copy numbers of greater than 20 



viral genomes per LAT+ neuron. To account for the high ^ ... 
number of viral genomes per cell harboring latent virus, it 
is then necessary to postulate that (i) more than one viral 
genome can enter a single neuron during the establishment 
of latency or (ii) viral genomes are amplified by the cel- 
lular machinery during latency (566). In support of the sec- 
ond of these hypotheses, a host-dependent origin of DNA 
replication embedded within the viral genome has been 
identified (607). 

Viral Gene Expression Required for 
the Maintenance of the Latent State 

To date, no gene or sequence tested, including several 
essential for lytic viral replication, has been identified as 
being essential for maintenance of latency. These include all 
of the genes discussed above under virulence, as well as 
a0, a4, a27 (358), a47, U s 9-1 1 (421,459), and U L 24 (606). 

Reactivation of Virus from Latent State 

The original operational definition of latent virus was 
dependent on reactivation, i.e., that virus which could be 
detected after incubation of intact ganglionic tissue with 
suitable susceptible cells, but not by inoculation of the sus- 
ceptible cells with macerated ganglia (662). This defini- 
tion obviously also included the ability to reactivate and 
replicate to detectable levels in the ganglia. More recent- 
ly, the definition of latency has come to be extended to in- 
clude viruses that can be detected in sensory ganglia sev- 
eral weeks after infection by in situ hybridization with 
probes for LAT or by assays of viral DNA in the ganglia 
(104,304,358,359,379,688). This has allowed assessment 
of the roles of specific genes in the establishment and main- 
tenance of latency, separate from their roles in reactivation. 
However, the evidence that reactivatible latent virus can be 
found under some circumstances in the absence of de- 
tectable LAT (546) indicates that these assays must be in- 
terpreted cautiously. At the present time, the only technique 
for proving that a virus is incapable of establishing latent 
infections is the inability to detect viral DNA by PGR as- 
says of DNA extracted from whole ganglia. It seems like- 
ly that a new standard will be the identification of neurons 
containing viral DNA by in situ PCR (165,654). 

In humans, latent virus is reactivated after local stimuli 
such as injury to tissues innervated by neurons harboring 
latent virus or after systemic stimuli such as physical or 
emotional stress, menstruation, hormonal imbalance, and 
so forth which may reactivate virus simultaneously in neu- 
rons of diverse ganglia (e.g., trigeminal and sacral). In ex- 
perimental systems, multiplication of latent virus has been 
induced by physical trauma to tissues innervated by the 
neurons harboring virus (13,233), by iontophoresis of ep- 
inephrine (339,340) or other drugs (223,234,623), by tran- 
sient hyperthermia (592,593), and by corneal scarification 
(699). Recent studies showed that injection of cadmium 
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resulted in reactivation of a HSV-1 in a fraction of neurons 
harboring latent virus and that this reactivation was not as- 
sociated with induction of the metallothionein genes, inas- 
much as other injections of other heavy metal solutions at 
much higher amounts failed to induce viral reactivation 
(179). The hypothesis advanced to explain these results is 
that cadmium specifically inactivates a repressor. 

The molecular basis of reactivation and the order in 
which viral genes are induced is not known. Attempts to 
identify genes specifically required for reactivation have 
implicated two genes specifically in reactivation events, 
i.e., ICPO and LAT, although in both cases conflicting data 
have been published (48,101,224,248,357,358,696). How- 
ever, as outlined above in the case of LAT, the absence of 
data on the number of latently infected neurons from which 
the virus is being reactivated makes these data difficult to 
assess. Particularly in the case of ICPO deletion mutants, 
the attenuation of virus growth in all tissues makes it very 
hard to say that the gene plays a reactivation-specific role. 
Virtually all the recombinant viruses described in the Vir- 
ulence section of this chapter that are attenuated for growth 
in peripheral and CNS tissues also exhibit reduced reacti- 
vation rates by explant cultivation of latently infected sen- 
sory ganglia; this makes it difficult to attribute any reduced 
reactivation frequency to a reactivation-specific role. 

Modeling the Latent State 

The molecular basis of latency rests on answers to sev- 
eral key questions. First, since HSV readily multiplies in 
a variety of cells derived from human or animal tissues, 
why does lytic infection not ensue in neurons harboring la- 
tent virus? Second, at what stage in the reproductive cycle 
is viral multiplication arrested? Third, what is the origin of 
the high copy number of the viral genome in latently in- 
fected neurons? Fourth, why does the virus not reactivate 
from all neurons at the same time? Fifth, at what stage in 
the cascade of viral gene expression does replication of re- 
activating virus begin? Sixth, why is HSV-2 more readily 
reactivated from sacral ganglia, whereas HSV-1 is more 
readily activated from trigeminal or cervical ganglia? 

Our model, presented largely for its heuristic value, is 
based primarily on the hypothesis that latency is required 
for the perpetuation of the virus in its natural host popu- 
lation and that the virus has evolved elaborate mechanisms 
to control the latent state. It is a further modification of a 
model that we have proposed in the past (58,565) and con- 
sists of several components as follows. 

1. Inasmuch as expression of otTIF plus Oct-1 in latent- 
ly infected neurons was not able to induce expression 
of lytic replication, it appears that the lack of expres- 
sion of a genes must be due to either repression, a lack 
of other host proteins involved in a gene transcription, 
or both. Repression could be caused by a viral or host- 
encoded protein binding to some sequence in the vicin- 



ity of a gene promoters, or it could be due to a DNA 
conformation effect (the two are not mutually exclu- 
sive). Either of these modes of repression could po- 
tentially be relieved by replication of the viral genome. 
Obviously, a requirement for DNA replication for ex- 
pression of HSV genes is not unique to this situation 
but is directly analogous to the regulation of y genes. 

2. The model also proposes that activation of virus mul- 
tiplication is the consequence of the cumulative effect 
of stimuli to which each cell harboring latent virus re- 
sponds independently. Specifically, the hypothesis en- 
visions that both local and systemic stimuli cause the 
latent viral genome to be replicated by host enzymes, 
utilizing a previously mapped host origin of DNA repli- 
cation present in the viral DNA (607), thereby caus- 
ing the copy number to be increased. DNA replication 
could overcome repression by either diluting a re- 
pressor (a copy number effect) or changing the con- 
formation of replicating DNA. As the stimuli en- 
countered by each neuron would be different, the copy 
number of viral DNA in each latently infected cell 
would increase independently. 

3. The increase in the DNA copy number may not be suf- 
ficient to ablate the block in virus multiplication. A 
second function, e.g., induction of a host transcription 
factor, could also be necessary. The combination of re- 
quirements for both release of repression (by DNA 
amplification) and addition of a positive factor could 
explain why latently infected neurons reactivate indi- 
vidually, rather than as a group. 

4. Additional requirements for viral multiplication during 
reactivation fall under the heading of capacity for gene 
expression and are poorly defined. A common feature 
of this property is seen in the case of deletion mutants 
(e.g., a22") (603) infecting nonpermissive or restric- 
tive cells. Such mutants often exhibit a multiplicity de- 
pendence reflected in the failure of virus multiplica- 
tion at low, but not at high, multiplicities of infection. 
The additional functions that may be required to 
achieve clinically detectable reactivation (or detectable 
amounts of infectious virus in experimental systems) 
may be those of a set of viral genes. The model pro- 
poses that (a) this set would include genes that are re- 
quired as well as those that are dispensable for multi- 
plication in cells in culture and (b) the expression rate 
and product abundance of these genes would deter- 
mine whether infection is productive or abortive in the 
particular cell in which the virus is latent. 

A similar model of HSV latency and reactivation has re- 
cently been proposed by Kosz-Vnenchak et al. (326). These 
authors have also proposed that DNA replication may be 
a critical stimulus during reactivation of latent virus. How- 
ever, they propose that the replication is taking place via 
the normal viral enzymes, expressed as 0 genes. In their 
experiments, mice were infected with wild-type virus or a 
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tk~ viral mutant, and after the establishment of latency 
ganglia were explanted and incubated for 48 hr. In situ 
hybridization indicated that expression of viral a and fi genes 
was much lower in ganglia from mice infected with the tk~ 
virus than in those containing wild-type virus. The authors 
have proposed that the B genes involved in DNA replica- 
tion, including tk\ are required for the initial stages of re- 
activation by increasing the expression of a genes to a level 
sufficient to stimulate lytic infection. In this case, the high 
DNA copy number during latency is accounted for by spo- 
radic low-level expression of the viral replication enzymes. 
The significance of this model stems from the authors' con- 
clusions that DNA replication somehow stimulates a gene 
expression and further that the mechanisms of gene ex- 
pression defined in cells in culture do not hold true for sen- 
sory neurons. In these experiments, very few sections were 
examined for each ganglion, and the number of LAP neu- 
rons per ganglia were not assayed prior to explant, leaving 
open the possibility that the wild-type virus had spread with- 
in the ganglia and that the positive signals were coming not 
only from cells that had initially contained latent virus. The 
7 gene products in wild-type infected ganglia were not de- 
tectable under these conditions until 48 hr postexplant; there 
may have been a sensitivity problem in these studies in that 
experiments by a different group of investigators have shown 
that, following explant of wild-type latently infected gan- 
glia, transcripts of all classes of genes (a, B, and 7) can be 
detected by PCR analyses as early as 4 hr postexplant (143). 
This very quick induction of viral gene expression follow- 
ing explant indicates that, by 48 hr, considerable virus spread 
within the ganglion may have occurred. 

SIGNIFICANCE OF THE NUCLEOTIDE 
DIVERGENCE OF HS V-l AND HSV-2 

It can be argued that the differences in the nucleotide 
sequences of HSV-1 and HSV-2 predicts appropriate dif- 
ferences in the cells lining the oral and genital mucous 
membranes. The data described above for gC-1 and gC-2 
support this hypothesis. In addition, the differences in rates 
of reactivation of HSV-1 and HSV-2 from trigeminal and 
sacral dorsal root ganglia may also reflect differences in 
viral functions required for lytic growth in each cell type. 

VIRAL MODULATION OF 
HOST DEFENSE MECHANISMS 

Like other large DNA viruses, HSV appears to have 
evolved a variety of mechanisms of evasion of the host 
defense machinery. They include genes that prevent 
apoptosis in differentiated cells, that interact with antibody 
and complement, and that prevent induction of CD8 + 
cytotoxic T cells. 

The association of the 7,34.5 gene with neurogrowth is 
an excellent example. As noted above, several laboratories 



have associated loss of the capacity to cause death by in- 
tracerebral inoculation of mice with mutations in sequences 
in the right end of the L component (282,283,577,681,682, 
689,690). Independently of these studies, a gene mapping 
in the repeats of the L component and designated as 7,34.5 
(5,93,95,97) was found to play a major role in the ability 
of the virus to replicate in the CNS, inasmuch as mutants 
lacking a functional 7,34.5 gene exhibited >10 7 pfu/LD^ 
by intracerebral inoculation even though the virus is capable 
of limited replication on intravaginal inoculation of mice 
(728). Because of these results, further studies were car- 
ried out in a variety of cell lines with the following results. 

1. The 7,34.5 gene is dispensable in some cell lines (e.g., 
Vero) and the ability of the mutant virus to replicate 
cannot be differentiated from that of the wild-type virus 
(5,91,97). In the human neuroblastoma cell line SK- 
N-SH and in other cell lines of neuronal origin, dele- 
tion mutants and stop codon mutants in the 7,34.5 gene 
trigger a premature total shut off of all protein syn- 
thesis, thereby rendering the cell nonviable and dras- 
tically reducing viral yields (94). The stress response 
which leads to the termination of synthesis is triggered 
by an event associated with viral DNA synthesis, inas- 
much as exposure of cells to PAA, an inhibitor of viral 
DNA synthesis, precludes the premature termination 
of translation (94). It is noteworthy that, although pro- 
tein synthesis is shut off, viral DNA accumulates to 
near-normal levels, and the presence of 7 2 mRNA late 
in infection argues against a role of the viral vhs gene 
in this process. 

2. The HSV-1(F) 263-amino acid 7,34.5 protein consists 
of a 159-amino terminal domain, ten repeats of the 
amino acids AlaThrPro, and a 74-amino acid carboxy- 
terminal domain (95). The repeat varies from strain to 
strain (five to ten repeats) and may be considered a 
linker sequence (95). Cellular homologs identified to 
date include MyDl 16, a 657-amino acid protein ex- 
pressed in myeloid leukemia cells induced to differ- 
entiate by interleukin-6, and GADD34, a protein in- 
duced by growth arrest and DNA damage. These 
proteins also contain a long amino-terminal domain 
separated from a shorter carboxy-terminal domain by 
a repeat — in these instances, a 38-amino acid sequence 
repeated 4.5 times. The carboxyl terminus of 7,34.5 is 
homologous to those of Mydl 16 and GADD34. Analy- 
ses of viral mutants from which various domains of 
the 7,34.5 gene had been deleted or rendered mute by 
the insertion of a stop codon have shown that the car- 
boxyl terminus of 7,34.5 protein, i.e., the sequence 
shared with Mydl 16 and GADD34, is required in order 
to preclude the stress response which leads to total shut 
off of protein synthesis (93). 

3. A surprising finding was the discovery that in human 
foreskin fibroblasts, the shut off of protein synthesis 
was triggered by a deletion mutant lacking 1 kbp of 
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coding sequence but not by the stop codon mutants in 
human foreskin fibroblasts. This observation dispelled 
the notion that the 7,34.5 was required exclusively in 
neurons but raises the issue as to why stop codon mu- 
tants behave like null mutants in human neuroblastoma 
cells but not in human foreskin fibroblasts. One clue 
is based on the observation that very small amounts 
of 7,34.5 are required to block the stress response 
which leads to shut off of protein synthesis. It is con- 
ceivable that there is a low-level suppression of the 
stop codon in human fibroblasts or that the amounts 
required to block the stress response are lower in fi- 
broblasts than in the neuroblastoma cells (92). 

The studies on the 7,34.5 gene mutants indicate that at 
least some host cells respond to the stress of HSV infection 
triggered by the onset of viral DNA synthesis. This response 
results in complete shut off of protein synthesis and, invari- 
ably, from the point of view of viral infection, a premature 
death of the infected cell. It is an important response, inas- 
much as it curtails the ability of the cell to support viral 
replication and spread throughout the body. The inability 
to prevent the cellular stress response which causes the in- 
fected cell to die may be responsible for the inability of the 
deletion mutant to multiply and cause pathology in the CNS 
of mice. The virus has evolved a gene, possibly borrowed 
in part from eukaryotic cells, to preclude this response in 
order to replicate in a variety of infected cells. 

Herpes simplex virus type 1 expresses two types of IgG 
Fc receptors on the cell surface (34,152,473,474). One, a 
complex of gE and gl (288), binds monomelic IgG, while 
the other, consisting of gE alone, binds polymeric IgG 
(152). The Fc receptors appear to play a role in protecting 
infected cells or virions from the host antibody response. 
Cells in culture infected with wild-type virus are relative- 
ly resistant to antibody-dependent cellular cytotoxicity as 
compared to cells infected with a gE deletion mutant (152). 
Because of the multifunctional nature of gE and gl, stud- 
ies to determine the role of this protection in pathogenesis 
will have to await specific mutants that eliminate the Fc 
binding functions without altering their functions in the 
viral entry into and egress from infected cells. 

The second component of the immune system known to 
interact with HSV proteins is complement. The comple- 
ment component C3b has been shown to bind to both gCl 
and gC2 (420,610). Mapping of the domains of the viral 
glycoproteins involved in binding C3b has indicated that 
several domains are necessary, including one that has some 
homology to the cellular C3b receptor, CR1 (269). Here 
again, because of the role of gC in attachment to some cell 
surfaces, specific mutations that do not affect attachment 
to polarized cells must be made to determine whether gC 
fulfills its predicted role in protection of the virus from the 
host complement system in vivo. 

Herpes simplex virus also appears to protect itself from 
a strong host CD8 + cytotoxic T-cell response. It has been 



known for a number of years that, in humans, epithelial le- 
sions caused by HSV contain a disproportionate number" ~ 
of CD4 + and very few CD8 + T cells (120,596). Experiments 
in which HSV-infected human fibroblasts were exposed to 
human anti-HSV cytotoxic T lymphocytes (CTL) indicat- 
ed that infection actually caused the fibroblasts to become 
resistant to lysis (497). This resistance phenotype was 
mapped to the right end of the S component (80). Later 
studies have shown that expression of sequences contain- 
ing the a47 gene causes a resistance to lysis by CD8 + CTLs, 
due to retention of the MHC class I molecules in the cy- 
toplasm and a lack of peptide presentation on the cell sur- 
face (754). ICP 47 has recently been shown to interact di- 
rectly with the transporter associated with antigen 
processing (TAP), inhibiting peptide translocation into the 
ER in human but not murine cells (Zola, 247a). 

Herpes simplex virus also appears to have a second func- 
tion capable of inactivating CD8 + T cells that come into 
contact with an HSV-infected fibroblast; in this case, the 
viral gene products responsible for this activity have not 
been identified (496,753). 

CONCLUSIONS 

We permit ourselves a personal comment. The field has 
grown enormously since the first attempt to understand the 
biology of the virus was undertaken by one of us more than 
a third of a century ago. The studies on HSV are at last en- 
tering a most exciting period largely because the words 
"structure and function" are beginning to have an opera- 
tional meaning. As a field of endeavor, we are beginning 
to characterize the interaction of proteins among them- 
selves and with viral nucleic acids. In addition, the host 
factors crucial to virus multiplication and, potentially, to 
latency are being sought out. The armamentarium for a 
major assault on the mysteries underlying the biology of 
these viruses is in place and reflects the contributions of 
many laboratories over many, many years. 

At the same time, the field has grown too much. The 
task before us was far greater for not having followed Lud- 
wig Wittgenstein's dictum that "Whereof one cannot speak, 
thereof one must be silent " but chapters of citations bereft 
of commentary are dull. We fear that the commentary of the 
future will be significantly restrained for lack of both space 
and capability to deal with the enormous windfall of in- 
formation that only a genome of 150,000 bp can produce. 

REFERENCES 

1 . Abmayr SM, Workman JL, Roeder RG. The pseudorabies immediate 
early protein stimulates in vitro transcription by facilitating TFHD: pro- 
moter interactions. Genes Dev 1988;2:542-553. 

2. Ace CI, Dalrymple MA, Ramsay FH, Preston VG, Preston CM. Mu- 
tational analysis of the herpes simplex virus type 1 trans-inducing fac- 
tor Vmw65. J Gen Virol 1988:69:2595-2605. 

3. Ace CI, McKee TA, Ryan M, Cameron JM, Preston CM. Construction 
and characterization of a herpes simplex virus type 1 mutant unable to 



Herpes Simplex Viruses and Their Replication / 2279 



transinduce immediate-early gene expression. J Virol 1989; 
63:2260-2269. 

4. Ackermann M, Braun DK, Pereira L, Roizman B. Characterization of 
HSV-1 a proteins 0, 4, and 27 with monoclonal antibodies. J Virol 
1984;52:108-118. 

5. Ackermann M, Chou J, Sarmiento M, Lemer RA, Roizman B. Identi- 
fication by antibody to a synthetic peptide of a protein specified by a 
diploid gene located in the terminal repeats of the L component of her- 
pes simplex virus genome. J Virol 1986;58:843-850. 

6. Ackermann M, Longnecker R, Roizman B, Pereira L. Identification, 
properties, and gene location of a novel glycoprotein specified by her- 
pes simplex virus 1. Virology 1986;150:207-220. 

7. Adams G, Stover BH, Keenlyside RA. Nosocomial herpetic infection 
in a pediatric intensive care unit Am J Epidemiol 1981 ;1 13:126-132. 

8. Addison C, Rixon FJ, Preston VG. Herpes simplex virus type 1 UL28 
gene product is important for the formation of mature capsids. J Gen 
Virol 1990;71:2377-2384. 

9. AH MA, Prakash SS, Jariwalla RJ. Localization of antigenic sites and 
intrinsic protein kinase domain within a 300 amino acid segment of the 
ribonucleotide reductase large subunit from herpes simplex virus type 
2. Virology 1992;187:360-367. 

10. Al-Kobaisi MF, Rixon FJ, McDougall I, Preston VG. The herpes sim- 
plex UL33 gene product is required for the assembly of full capsids. 
Virology 1991;180:380-388. 

1 1 . Anderson JCP, Costa R, Holland L, Wagner E. Characterization of HSV- 
1 RNA present in the absence of de novo protein synthesis. J Virol 
1980;34:9-27. 

1 2. Anderson K, Frink R, Devi G, Gaylord B, Costa R, Wagner E. Detailed 
characterization of the mRN A mapping in the Hind III fragment K re- 
gion of the HSV-1 genome. J Virol 1981;37:I01 1-1027. 

1 3. Anderson WA, Margruder B, Kilbourne ED. Induced reactivation of 
herpes simplex virus in healed rabbit corneal lesions. Proc Soc Exp 
Biol Med 1961; 107:628-^32. 

14. Arsenakis M, Foa-Tomasi L, Speziali V, Roizman B, Campadelli- 
Fiume G. Expression and regulation of glycoprotein C gene of herpes 
simplex virus 1 resident in a clonal L cell line. J Virol 1986;58: 
367-376. 

15. Avitabile E, Ward PL, Di Lazzaro C, Torrisi MR, Roizman B, Cam- 
padelli-Fiume G. The herpes simplex virus U L 20 protein compensates 
for the differential disruption of exocytosis of virions and membrane 
glycoproteins associated with the fragmentation of the Golgi appara- 
tus. J Virol 1994;68:7397-7405. 

1 6. Bacchetti S, Evelegh MJ, Muirhead B. Identification and separation of 
the two subunits of the herpes simplex virus ribonucleotide reductase. 
J Virol 1986;57:1177-1181. 

1 7. Bacchetti S, Evelegh MJ, Muirhead B, Sartori CS, Huszar D. Im- 
munological characterization of herpes simplex virus type 1 and 2 
polypeptides involved in viral ribonucleotide reductase activity. J Virol 
1984;49:591-593. 

1 8. Bachenheimer SL, Roizman B. Ribonucleic acid synthesis in cells in- 
fected with herpes simplex virus. VI. Polyadenylic acid sequences in 
viral messenger ribonucleic acid. J Virol 1972;10:875-879. 

19. Baines JD, Roizman B. The U L 10 gene of herpes simplex virus 1 en- 
codes a novel viral glycoprotein, gM, which is present in the virion and 
plasma membrane of infected cells. J Virol 1993;67:1441-1452. 

20. Baines JD, Roizman B. The U L 1 1 gene of herpes simplex virus 1 en- 
codes a function that facilitates nucleocapsid envelopment and egress 
from cells. J Virol 1992;66:5168-5174. 

2 1 . Baines JD, Roizman B. The cDNA of U L 1 5, a highly conserved her- 
pes simplex virus 1 gene effectively replaces the two exons of the wild 
type virus. J Virol 1992;66:5621-5626. 

22. Baines JD, Roizman B. The open reading frames U L 3, U L 4, U L 10, and 
U L 16 are dispensable for the replication of herpes simplex virus 1 in 
cell culture. J Virol 1991;65:938-944. 

23. Baines JD, Ward PL, Campadelli-Fiume G, Roizman B. The U L 20 gene 
of herpes simplex virus 1 encodes a function necessary for viral egress. 
J Virol 1991;65:6414-6424. 

24. Baines JD, Koyama AH, Huang T, Roizman B. The U L 21 gene prod- 
ucts of herpes simplex virus 1 are dispensable for growth in cultured 
cells. 7 Virol 1994;68:2929-2936. 

25. Banfield BW, Tufaro F. Herpes simplex virus particles are unable to 
traverse the secretory pathway in the mouse L-cell mutant gro29. J 
Virol 1990;64:5716-5729. 

26. Banks LM, Halliburton IW, Purifoy DJM, Killington RA, Powell KL. 



Studies on the herpes simplex virus alkaline nuclease: Detection of 
type-common and type-specific epitopes on the enzyme. J Gen Virol*- 
1985;66:1-14. 

27. Banks L, Purifoy DJM, Hurst PF, Killington RA, Powell KL. Herpes 
simplex virus nonstructural proteins. IV. Purification of the virus-in- 
duced deoxyribonuclease and characterization of the enzyme with mon- 
oclonal antibodies. J Gen Virol 1983;64:2249-2260. 

28. Barker DE, Roizman B. The unique sequence of the herpes simplex 
virus 1 L component contains an additional translated open reading 
frame designated U L 49.5. J Virol 1992;66:562-566. 

29. Barnett JW, Eppstein DA, Chan HW. Class I defective herpes simplex 
virus DNA as a molecular cloning vehicle in eucaryotic cells. J Virol 
1983;48:384-395. 

30. Bartkoski MJ Jr, Roizman B. Regulation of herpesvirus macromolec- 
ular synthesis. VII. Inhibition of internal methylation of mRNA late in 
infection. Virology 1978;85:146-156. 

3 1 . Bartkoski MJ Jr, Roizman B. RNA synthesis in cells infected with her- 
pes simplex virus. XIII. Differences in the methylation patterns of viral 
RNA during the reproductive cycle. J Virol 1976;20:583-588. 

32. Batterson W, Furlong D, Roizman B. Molecular genetics of herpes sim- 
plex virus. VII. Further characterization of a ts mutant defective in re- 
lease of viral DNA and in other stages of viral reproductive cycle. J 
Virol 1983;45:397-407. 

33. Batterson W, Roizman, B. Characterization of the herpes simplex viri- 
on-associated factor responsible for the induction of ct genes. J Virol 
1983;46:371-377. 

34. Baucke RB, Spear PG. Membrane proteins specified by herpes sim- 
plex viruses. V. Identification of an Fc binding glycoprotein. J Virol 
1979;32:779-789. 

35. Baumruker T, Sturm R, Herr W. OBP100 binds remarkably degener- 
ate octamer motifs through specific interactions with flanking sequences. 
Genes Dev 1988;2:1400-1413. 

36. Becker Y, Dym H, Sarov I. Herpes simplex virus DNA. Virology 
1968;36:184-192. 

37. Ben-Porat T, Tokazewski S. Replication of herpesvirus DNA. II. Sed- 
imentation characteristics of newly synthesized DNA. Virology 
1977;79:292-301. 

38. Berger EC, Buddecke E, Kamerling JP, Kobata A, Paulson JC, Vliegen- 
thart JFC. Structure, biosynthesis and functions of glycoprotein gly- 
cans. Experientia 1 982;38: 1 1 29-1 1 62. 

39. Berger SL, Pina B, Silverman N, Marcus GA, Agapite J, Regier JL, 
Triezenberg SJ, Guarente L. Genetic isolation of ADA2: a potential 
transcriptional adapter required for the function of certain acidic acti- 
vation domains. Cell 1992;70:251-265. 

40. Bergstrom T, Lycke EJ. Neuroinvasion by herpes simplex virus. An in 
vitro model for characterization of neurovirulent strains. Gen Virol 
1990;7 1:405^10. 

41. Berk AJ, Lee F, Harrison T, Williams J, Sharp PA. Pre-early aden- 
ovirus 5 gene product regulates synthesis of early viral messenger 
RNAs. Cell 1979;17:935-944. 

42. Biswal N, Murray BK, Benyesh-Melnick M. Ribonucleotides in newly 
synthesized DNA of herpes simplex virus. Virology 1974;61 : 87-99. 

43. Blaho JA, Michael N, Kang V, Aboul-Ela N, Smulson ME, Jacobson 
MK, Roizman B. Differences in the poly(ADP-ribosyl)ation patterns 
of ICP4, the herpes simplex virus major regulatory protein, in infect- 
ed cells and in isolated nuclei. J Virol 1992;66:6398-6407. 

44. Blaho, JA, Mitchell C, Roizman B. An amino acid sequence shared by 
the herpes simplex virus 1 aproteins 0, 4, 22, and 27 predicted the nu- 
cleotidylylation of proteins encoded by the U L 21, U L 31, U L 47, and U L 49 
genes. J Biol Chem 1994;269:17401-17410. 

45. Blaho JA, Mitchell C, Roizman B. Guanylylation and adenylylation of 
the a regulatory proteins of herpes simplex virus requires a viral or 
function. J Virol 1993:67:3891-3900. 

46. Blaho JA, Roizman B. ICP4, the major regulatory protein of herpes 
simplex virus shares features comon to GTP binding proteins and is 
adenylated and guanylated. J Virol 1991;65:3759-3769. 

47. Blair ED, Wagner EK. A single regulatory region modulates both cis 
activation and trans activation of the herpes simplex VPS promoter in 
transient expression assays in vivo. J Virol 1986;60:460-469. 

48. Block TM, Spivack JG, Steiner I, Deshmane S, Mcintosh MT, Lirette 
RP, Fraser NW. A herpes simplex virus type 1 latency associated tran- 
script mutant reactivates with normal kinetics from latent infection. J 
Virol 1990;64:3417-3426. " 

49. Bludau H, Freese UK: Analysis of the HSV-1 strain 17 DNA poly- 



'2280 / Chapter 72 



merase gene reveals the expression of four different classes of pol tran- 
scripts. Virology 1991;183:505-518. 

50. Blue WT, Winland RD, Stobbs DG, Kirksey DF, Savage RE. Effects 
of adenosine monophosphate on the reactivation of latent herpes sim- 
plex virus type 1 infections of mice. Antimicrob Agents Chemother 
1981;20:547-548. 

5 1 . Blyth WA, Hill TJ, Field HJ, Harbour DA. Reactivation of herpes sim- 
plex virus infection by ultraviolet light and possible involvement of 
prostaglandin./ Gen Virol 1976;33:547-550. 

52. Boehmer PE, Dodson MS, Lehman IR. The herpes simplex virus type 
1 origin binding protein. DNA helicase activity. J Biol Chem 1993; 
268:1220-1225. 

53. Bohenzky RA, Papavassiliou AG, Gelman IH, Silverstein S. Identifi- 
cation of a promoter mapping within the reiterated sequences that flank 
the herpes simplex virus type 1 U L region. J Virol 1993;67:632-642. 

54. Bond VC, Person S. Fine structure physical map locations of alterations 
that affect cell fusion in herpes simplex virus type 1 . Virology 1984; 
132:368-376. 

55. Bortner C, Hernandez TR, Lehman IR. Griffith J. Herpes simplex virus 
1 single strand DNA-binding protein (ICP8) will promote homologous 
pairing and strand transfer. JMolBiol 1993;231:241-250. 

56. Brandimarti R, Huang T, Roizman B, Campadelli-Fiume G. Mapping 
of herpes simplex virus 1 genes with mutations which overcome host 
restrictions to infection. Proc Natl Acad Sci USA 1 994:9 1 : 5406-54 1 0. 

57. Brandt CR, Kintner RL, Pumfrey AM, Visalli RJ, Grau DR. The her- 
pes simplex virus ribonucleotide reductase is required for ocular viru- 
lence. J Gen Virol 1991;72:2043-2049. 

58. Braun DK, Batterson W, Roizman B. Identification and genetic map- 
ping of a herpes simplex virus capsid protein which binds DNA. J Virol 
1984:50:645-648. 

59. Braun DK, Pereira L, Norrild B, Roizman B. Application of denatured, 
electro-phoretically separated, and immobilized lysates of herpes sim- 
plex virus-infected cells for detection of monoclonal antibodies and for 
studies of the properties of viral proteins. J Virol 1983:46: 103-1 12. 

60. Braun DK, Roizman B, Pereira L. Characterization of post-translational 
products of herpes simplex virus gene 35 proteins binding to the sur- 
faces of full capsids but not empty capsids. J Virol 1984;49:142-153. 

61. Bruckner RC, Durch RE, Zemelman BV, Mocarski ES, Lehman IR. 
Recombination in vitro between herpes simplex virus type 1 a se- 
quences. Proc Natl Acad Sci USA 1992;89:10950-10954. 

62. Buchman TG, Roizman B, Adams G, Stover H. Restriction endonu- 
clease fingerprinting of herpes simplex virus DNA: a novel epidemi- 
ological tool applied to a nosocomial outbreak. J Infect Dis 1978; 
138:488^198. 

63. Buchman TG, Roizman B, Nahmias AJ. Demonstration of exogenous 
genital reinfection with herpes simplex virus type 2 by restriction en- 
donuclease fingerprinting of viral DNA. J Infect Dis 1979;140:295-304. 

64. Buchman TG, Simpson T, Nosal C, Roizman B, Nahmias AJ. The struc- 
ture of herpes simplex virus DNA and its application to molecular epi- 
demiology. Ann NY Acad Sci 1980;354:279-290. 

65. Cabrera CV, Wohlenberg C, Openshaw H, Rey-Mendez M, Puga A, 
Notkins AL. Herpes simplex virus DNA sequences in the CNS of la- 
tently infected mice. Nature 1980;288:288-290. 

66. Cai W, Gu B, Person S. Role of glycoprotein B of herpes simplex virus 
type 1 in viral entry and cell fusion. J Virol 1988;62:2596-2604. 

67. Cai W, Schaffer PA. Herpes simplex virus type 1 ICP0 regulates ex- 
pression of immediate-early, early, and late genes in productively in- 
fected cells. J Virol 1992;66:2904-2915. 

68. Cameron JM, McDougall I, Marsden HS, Preston VG, Ryan DM, 
Subak-Sharpe JH. Ribonucleotide reductase encoded by herpes sim- 
plex virus is a determinant of the pathogenicity of the virus in mice and 
a valid antiviral target. J Gen Virol 1988;69:2607-2612. 

69. Campadelli G, Brandimarti R, Di Lazzaro C, Ward PL, Roizman B, 
Torrisi MR. Fragmentation and dispersal of Golgi proteins and redis- 
tribution of glycoproteins and glycolipids processed through Golgi fol- 
lowing infection with herpes simplex virus 1 . Proc Natl Acad Sci USA 
1993;90:2798-2802. 

70. Campadelli-Fiume G, Arsenakis M, Farabegoli F, Roizman B. Entry 
of herpes simplex virus 1 in BJ cells that constitutively express viral 
glycoprotein D is by endocytosis and results in the degradation of the 
virus./ Virol 1988;62:159-167. 

71. Campadeili-Fiume G, Farabegoli F, Di Gaeta S, Roizman B. Origin of 
unenveloped capsids in the cytoplasm of cells infected with herpes sim- 
plex virus \.J Virol 1991;65:1589-1595. 



72. Campadelli-Fiume G, Poletti L, DairOlio F, Serafini-Cessi F. Infec- 
tivity and glycoprotein processing of herpes simplex virus type 1 grown* - 
in a ricine-resistant cell line deficient in N-acetylglucosaminyl trans- 
ferase \. J Virol 1982;43:1061-1071. 

73. Campadelli-Fiume G, Qi S, Avitabile E, Foa-Tomasi L, Brandimarti 
R, Roizman B. Glycoprotein D of herpes simplex virus encodes a do- 
main which precludes penetration of cells expressing the glycoprotein 
by superinfecting herpes simplex virus. / Virol 1990;64:6070-6079. 

74. Campadelli-Fiume G, Serafini-Cessi F. Processing of the oligosaccha- 
ride chains of herpes simplex virus type I glycoproteins. In: Roizman B, 
etLThe herpesviruses, vol. 3. New York: Plenum Press; 1985:357-382. 

75. Campadelli-Fiume G, Stirpe D, Boscaro A, Avitabile E, Foa-Tomasi 
L, Barker D, Roizman B. Glycoprotein C-dependent attachment of her^ 
pes simplex virus to susceptible cells leading to productive infection. 
Virology 1990;178:213-222. 

76. Campbell MEM, Palfteyman JW, Preston CM. Identification of the 
herpes simplex virus DNA sequences which encodes a trans-acting 
polypeptide responsible for the stimulation of the immediate early tran- 
scription. JMolBiol 1984;180:1-19. 

77. Caplan M, Matlin KS. Sorting of membrane and secretory proteins in 
polarized epithelial cells. In: Matlin KS, Valentich JD, eds. Function- 
al epithelial cells in culture. New York: Alan R. Liss; 1989:71-127. 

78. Caradonna SJ, Cheng YC. Induction of uracil-DNA-glycosylase and 
dUTP hydrolase in herpes simplex virus infected human cells. J Biol 
Chem 1981;256:9834-9837. 

79. Caradonna S, Worrad D, Lirette R. Isolation of a herpes simplex virus 
cDNA encoding the DNA repair enzyme uracil-DNA glycosylase. J 
Virol 1987;61:3040-3047. 

80. Carter VC, Jennings SR, Rice PL, Tevethia SS. Mapping of a herpes 
simplex virus type 2-encoded function that affects the susceptibility of 
herpes simplex virus-infected cells to lysis by herpes simplex virus- 
specific cytotoxic T lymphocytes. J Virol 1984;49:766-77 1 . 

81. Carton CA, Kilbourne ED. Activation of latent herpes simplex by 
trigeminal sensory-root section. N Engl J Med 1952;246:172-176. 

82. Centifanto-Fitzgerald YM, Vanell ED, Kaufman HE. Initial herpes sim- 
plex virus type 1 infection prevents ganglionic superinfection by other 
strains. Infect Immun 1982;35:1 125-1 132. 

83. Centifanto-Fitzgerald YM, Yamaguchi T, Kaufman HE, Tognon M, 
Roizman B. Ocular disease pattern induced by herpes simplex virus is 
genetically determined by a specific region of viral DNA. J Exp Med 
1982;155:475^*89. 

84. Challberg MD. A method for identifying the viral genes required for her- 
pesvirus DNA replication. Proc Natl Acad Sci USA 1986;83:9094-9098. 

85. Chang YE, Roizman B. The product of U L 31 gene of herpes simplex 
virus 1 is a nuclear phosphoprotein which partitions with the nuclear 
matrix. J Virol 1993;67:6348-6356. 

86. Chartrand P, Crumpacker CS, Schaffer PA, Wilkie NM. Physical and 
genetic analysis of the herpes simplex virus DNA polymerase locus. 
Virology 1980;103:311-325. 

87. Chartrand P, Stow ND, Timbury MC, Wilkie NM. Physical mapping 
of Paar mutations of herpes simplex virus type 1 and type 2 by inter- 
typic marker rescue. J Virol 1979;31:265-276. 

88. Chee MS, Lawrence GL, Barrel 1 BG. Alpha-, beta- and gamma her- 
pesviruses encode a putative phosphotransferase. J Gen Virol 1989; 
70:1151-1160. 

89. Chen J, Panagiotidis C, Silverstein S. Multimerization of ICP0, a her- 
pes simplex virus immediate early protein. J Virol 1991;66:5598-5602. 

90. Chen J, Silverstein S. Herpes simplex viruses with mutations in the 
gene encoding ICP0 are defective in gene expression-/ Virol 
1992;66:2916-2927. 

91 . Chou J, Kern ER, Whitley RJ, Roizman B. Mapping of herpes simplex 
virus 1 neurovirulence to 7,34.5, a gene nonessential for growth in cell 
culture. Science 1990;252:1262-1266. ' 

92. Chou J, Poon APW, Johnson J, Roizman B. Differential response of 
human cells to deletions and stop codons in the 7,34.5 gene of herpes 
simplex virus. J Virol 1994:68:8304-831 1. 

93. Chou J, Roizman B. Herpes simplex virus 1 7,34.5 gene function which 
blocks the host response to infection maps in the homologous domain 
of the genes expressed during growth arrest and DNA damage. Proc 
Natl Acad Sci USA 1994:91:5247-5251. 

94. Chou J, Roizman B. The 7,34.5 gene of herpes simplex virus 1 pre- 
cludes neuroblastoma cells from triggering total shutoff of protein syn- 
thesis characteristic of programmed cell death in neuronal cells. Proc 
Natl Acad Sci USA 1992;89:3266-3270. 



Herpes Simplex Viruses and Their Replication / 2281 



95. Chou J, Roizman B. The herpes simplex virus 1 gene for ICP34.5, 
which maps in inverted repeats, is conserved in several limited passage 
isolates but not in strain 17syny2D. J Virol 1990;64:1014-1020. 

96. Chou J, Roizman B. Characterization of DNA sequence common and 
DNA sequence specific proteins binding to the cis-acting sites for the 
cleavage of the terminal a sequence of herpes simplex virus 1 genome. 
J Virol 1989;63:1059-1068. 

97. Chou J, Roizman B. The terminal a sequence of the herpes simplex 
virus genome contains the promoter of a gene located in the repeat se- 
quences of the L component/ Virol 1986:57:629-637. 

98. Chou J, Roizman B. The isomerization of the herpes simplex virus 1 
genome: identification of the cis-acting and recombination sites with- 
in the domain of the a sequence. Cell 1985;41:803-51 1. 

99. Chu CT, Parris DS, Dixon RAF, Farber FE, Schaffer PA. Hydroxy- 
lamine mutagenesis of HSV DNA and DNA fragments: introduction 
of mutations into selected regions of the viral genome. Virology 
1979;98:168-181. 

100. Chung TD, Wymer JP, Smith CC, Kulka M, Aurelian L. Protein ki- 
nase activity associated with the large subunit of herpes simplex virus 
type 2 ribonucleotide reductase (ICP10)/ Virol 1989;63:3389-3398. 

101. Clements GB, Stow ND. A herpes simplex virus type 1 mutant con- 
taining a deletion within immediate early gene 1 is latency competent 
in mice. J Gen Virol 1 989;70:2501-2506. 

102. Clements JB, Watson RJ, Wilkie NM. Temporal regulation of herpes 
simplex virus type 1 transcription: location of transcripts in the viral 
genome. Cell 1977;12:275-285. 

103. Coen DM, Aschman DP, Gelep PT, Retondo MJ, Weller SK, Schaffer 
PA. Fine mapping and molecular cloning of mutations in the herpes 
simplex virus DNA polymerase locus. J Virol 1984;49:236-247. 

104. Coen DM, Kosz-Vnenchak M, Jacobson JG, Leib DA, Bogard CL, 
Schaffer PA, Tyler KL, Knipe DM. Thymidine kinase-negative herpes 
simplex virus mutants establish latency in mouse trigeminal ganglia 
but do not reactivate. Proc Natl Acad Sci USA 1989;86:4736-4740. 

105. Cohen GH, Ponce de Leon M, Deggelman H, Lawrence WC, Vemon 
SK, Eisenberg RJ. Structural analysis of the capsid polypeptides of her- 
pes simplex virus types 1 and 2. J Virol 1980;34:421-531. 

106. Colberg-Poley AM, Isom HC, Rapp F. Involvement of an early cy- 
tomegalovirus function in reactivation of quiescent herpes simplex 
virus type 2.7 Virol 1981;37:1051-1059. 

107. Colberg-Poley AM, Isom HC, Rapp F. Reactivation of herpes simplex 
virus type 2 from a quiescent state by human cytomegalovirus. Proc 
Natl Acad Sci USA 1979;76:5948-5951. 

108. Conley AF, Knipe DM, Jones PC, Roizman B. Molecular genetics of 
herpes simplex virus. VII. Characterization of a temperature-sensitive 
mutant produced by in vitro mutagenesis and defective in DNA syn- 
thesis and accumulation of polypeptides. J Virol 1981;37: 191-206. 

109. Conner J, Macfarlane J, Lankinen H, Marsden H. The unique N ter- 
minus of the herpes simplex virus type 1 large subunit is not required 
for ribonucleotide reductase activity. J Gen Virol 1992;73:103-1 12. 

1 10. Cook ML, Stevens JG. Pathogenesis of herpetic neuritis and ganglionitis 
in mice: evidence of intra-axonal transport of infection. Infect Immun 
1973;7:272-288. 

111. Cook ML, Stevens JG. Replication of varicella-zoster virus in cell cul- 
tures. An ultrastructural study. J Ultrastruct Res 1970;32:334-350. 

112. Costa RH, Cohen G, Eisenberg R, Long D, Wagner EK. Direct demon- 
stration that the abundant 6-kilobase herpes simplex virus type 1 mRNA 
mapping between 0.23 and 0.27 map units encodes the major capsid 
protein VPS. J Virol 1984;49:287-292. 

1 13. Costa RH, Devi BG, Anderson KP, Gaylord BH, Wagner EK. Char- 
acterization of a major late herpes simplex virus type 1 mRNA. J Virol 
1981;38:483^96. 

1 14. Costa RH, Draper KG, Devi-Rao G, Thompson RL, Wagner EK. Virus- 
induced modification of the host cell is required for expression of the 
bacterial chloramphenicol acetyltransferase gene controlled by a late 
herpes simplex virus promoter (VP5). J Virol 1985;56:19-30. 

1 15. Costanzo F, Campadelli-Fiume G, Foa-Tomas L, Cassai E. Evidence 
that herpes simplex virus DNA is transcribed by cellular RNA poly- 
merase U.J Virol 1977;21:996-1001. 

1 16. Courtney RJ, Powell KL. Immunological and biochemical characteri- 
zation of polypeptides induced by herpes simplex virus types 1 and 2. 
In: de The G, et al, eds. Oncogenesis and herpesvirusess II. Lyon: In- 
ternational Agency for Research on Cancer; 1975:63. 

117. Cress WD, Triezenberg SJ. Critical structural elements of the VP 16 
transcriptional activation domain. Science 1991;51:87-90. 



118. Crumpacker CS, Chartrand P, Subak-Sharpe JH, Wilkie NM. Resis- 
tance of herpes simplex virus to acycloguanosine— genetic and phys- 
ical analysis. Virology 1980;05:171-184. 

1 19. Crute JW, Tsurumi T, Zhu L, Weller SK, Olivo PD, Challberg MD, 
Mocarski ES, Lehman IR. Herpes simplex virus 1 helicase-primase: a 
complex of three herpes encoded gene products. Proc Natl Acad Sci 
USA 1989;86:2186-2189. 

120. Cunningham AL, Turner RR, Miller C, Para MF, Merigan TC Evolu- 
tion of recurrent herpes simplex virus lesions and immunohistologic 
study. J Clin Invest 1985;75:226-233. 

121. Cunningham C, Davison AJ, Dolan A, Frame MC, McGeoch DJ, 
Meredith DM, Moss HWM, Orr AC. The UL13 virion protein of her- 
pes simplex virus 1 is phosphorylated by a novel virus-induced protein 
kinase. J Gen Virol 1992;73:303-3 1 1 . 

122. Cushing H. Surgical aspects of major neuralgia of trigeminal nerve: 
report of 20 cases of operation upon the gasserian ganglion with anatom- 
ic and physiologic notes on the consequence of its removal. JAMA 
1905;4:1002-1008. 

123. Daikoku T, Yamamoto N, Maeno K, Nishiyama Y. Role of viral ri- 
bonucleotide reductase in the increase of dTTP pool size in herpes sim- 
plex virus-infected Vera cells. J Gen Virol 1991;72:1441-1444. 

124. Dales S, Chardonnet Y. Early events in the interaction of adenovirus- 
es with HeLa cells. IV. Association with microtubles and the nuclear 
pore complex during vectorial movement of the inoculum. Virology 
I973;56:465^83. 

125. Dalrymple MA, McGeoch DJ, Davison AJ, Preston CM. DNA sequence 
of the herpes simplex virus type 1 gene whose product is responsible 
for transcriptional activation of immediate early promoters. Nucleic 
Acids Res 1985;13:7865-7879. 

126. Darby G, Field HJ, Salisbury SA. Altered substrate specificity of her- 
pes simplex virus thymidine kinase confers acyclovir resistance. Na- 
ture 1981;289:81-33. 

127. Dargan DJ, Subak-Sharpe JH. Isolation and characterization of rever- 
tants from fourteen herpes simplex virus type 1 (strain 17) temperature 
sensitive mutants. J Gen Virol 1984;65:477-491 . 

128. Darlington RW, Moss LH III. The envelope of herpesvirus. Prog Med 
Virol 1969;11:16-45. 

129. Davison AJ, Wilkie NM. Nucleotide sequences of the joint between 
the L and S segments of herpes simplex virus types 1 and 2. J Gen Virol 
1981;55:315-331. 

130. Davison MD, Rixon FJ, Davison, AJ. Identification of genes encoding 
two capsid proteins (VP24 and VP26) of herpes simplex virus type 1. 
J Gen Virol 1992;73:2709-2713. 

131. Deb S, Doelberg M. A 67-base-pair segment from the ori-S region of 
herpes simplex virus type 1 encodes origin function. J Virol 
1988;62:2516-2519. 

132. Debroy C, Pederson N, Person S. Nucleotide sequence of a herpes sim- 
plex virus type 1 gene that causes cell fusion. Virology 1985;145:36-48. 

133. Deiss LP, Chou J, Frenkel N. Functional domains within the a sequence 
involved in the cleavage-packaging of herpes simplex virus DNA. J 
Virol 1986;59:605-618. 

134. Deiss LP, Frenkel N. Herpes simplex virus amplicon: cleavage of con- 
catemeric DNA is linked to packaging and involves amplification of 
the terminally reiterated a sequence. J Virol 1986;57:933-941 . 

135. Delius H, Clements JB. A partial denaturation map of herpes simplex 
virus type 1 DNA: evidence for inversions of the unique DNA regions. 
J Gen Virol 1976;33:125-133. 

136. DeLuca NA, Courtney MA, Schaffer PA. Temperature-sensitive mu- 
tants in herpes simplex virus type 1 ICP4 permissive for early gene ex- 
pression. J Virol 1984;52:767-776. 

137. DeLuca NA, McCarthy AM, Schaffer PA. Isolation and characterization 
of deletion mutants of herpes simplex virus type 1 in the gene encoding 
the immediate-early regulatory protein ICP4. J Virol 1985;56:558-570. 

138. DeLuca NA, Schaffer PA. Physical and functional domains of the her- 
pes simplex virus transcriptional regulatory protein ICP4. J Virol 
1988;62:732-743. 

139. DeLuca NA, Schaffer PA. Activities of herpes simplex virus type 1 
(HSV-1) ICP4 genes specifying nonsense peptides. Nucleic Acids Res 
1987;15:4491-4511. 

140. DeLuca NA, Schaffer PA. Activation of immediate-early, early, and 
late promoters by temperature-sensitive and wild-type forms of herpes 
simplex virus type 1 protein ICP4. Mol Cell Biol 1 985;5: 1 997-2008. 

141. Dennis D, Smiley JR. Transactivation of a late herpes simplex virus 
promoter. Mol Cell Biol 1984;4:544-551. 



2282 / Chapter 72 



142. Desai PJ, SchafFer PA, Minson AC. Excretion of non-infectious virus 
particles lacking glycoprotein H by a temperature-sensitive mutant of 
herpes simplex virus type 1 : evidence that gH is essential for virion in- 
fectivity.7Gen Virol 1988;69:1147-1156. 

143. Devi-Rao GB, Bloom DC, Stevens JG, Wagner EK. Herpes simplex 
virus type 1 DNA replication and gene expression during explant-in- 
duced reactivation of latently infected murine sensory ganglia. 7 Virol 
1994;68:1271-1282. 

144. Dilanni CL, Drier DA, Deckman IC, McCann PJ III, Liu F, Roizman 
B, Colonno RJ, Cordingley MG. Identification of the herpes simplex 
virus 1 protease cleavage sites. 7 BiolChem 1993;368:2048-2051. 

145. Dingwell ICS, Brunetti CR, Hendricks RL, Tang Q, Tang M, Rainbow 
AJ, Johnson DC. Herpes simplex virus glycoprotein E and I facilitate 
cell to cell spread in vivo and across junctions of cultured cells. 7 Virol 
1994;68:834-845. 

146. Doerig, C, Pizer LI, Wilcox CL. Detection of the latency associated 
transcript in neuronal cultures during the latent infection with herpes 
simplex virus type 1. Virology 1991;183:423-426. 

147. Doerig C, Pizer LI, Wilcox CL. An antigen encoded by the latency as- 
sociated transcript in neuronal cell cultures latently infected with her- 
pes simplex virus type 1.7 Virol 1991;65:2724-2727. 

148. Dotti CG, Banker GA, Binder LI. The expression and distribution of 
the micro tubule-associated proteins tau and microtubule associated pro- 
tein 2 in hippocampal neurons in the rat in situ and in cell culture. Neu- 
roscience 1987;23:121-130. 

149. Dotti CG, Simons K. Polarized sorting of viral glycoproteins to the 
axons and dendrites of hippocampal neurons in culture. Cell 
1990;62:63-72. 

150. Draper KG, Devi-Rao G, Costa RH, Blair ED, Thompson RL, Wagn- 
er EK. Characterization of the genes encoding herpes simplex virus 
type 1 and type 2 alkaline exonucleases and overlapping proteins. 7 
Virol 1986;57:1023-1036. 

151. Draper KG, Frink RJ, Wagner EK. Detailed characterization of an ap- 
parently unspliced B herpes simplex virus type 1 gene mapping in the 
interior of another. 7 Virol 1982;44:1123-1 128. 

152. Dubin G, Socolof E, Frank I, Friedman HM. Herpes simplex virus type 
1 Fc receptor protects infected cells from antibody-dependent cellular 
cytotoxicity-/ Virol 1991;65:7046-7050. 

153. Dutch RE, Bruckner RC, Mocarski ES, Lehman IR. Herpes simplex 
virus type 1 recombination: role of DNA replication and viral a se- 
quences. 7 Virol 1992;66:277-285. 

154. Dutch RE, Lehman IR. Renaturation of complementary DNA strands 
by herpes simplex virus type 1 ICP8. 7 Virol 1993;67:6945-6949. 

155. Dutch RE, Zemelman BV, Lehman IR. Herpes simplex virus type 1 
recombination: the U C -DR1 region is required for high-level a-sequence 
mediated recombination. 7 Virol 1944;68:3733-3741. 

156. Ebert SN, Subramanian D, Shtrom SS, Chung IK, Parris D, and Muller 
MT. Association between the pi 70 form of human topoisomerase II 
and progeny viral DNA in cells infected with herpes simplex virus type 
I. J Virol 1994;68:1010-1020. 

157. Eisenberg SP, Coen DM, McKnight SL. Promoter domains required 
for expression of plasmid-borne copies of the herpes simplex virus 
thymidine kinase gene in virus-infected mouse fibroblasts and mi- 
croinjected frog oocytes. Mol Cell Biol 1985;5:1940-1947. 

158. Ejercito PM, KiefTED, Roizman B. Characterization of herpes sim- 
plex virus strains differing in their effect on social behavior of infect- 
ed cells. 7 Gen Virol 1968;2:357-364. 

159. Elias P, Gustafsson CM, Hammarsten O. The origin binding protein of 
herpes simplex virus 1 binds cooperatively to the viral origin of repli- 
cation Orv75/o/ Chem 1990;265:17167-17173. 

160. Elias P, Lehman IR. Interaction of origin binding protein with an ori- 
gin of replication of herpes simplex virus 1 . Proc Natl Acad Sci USA 
1988;85:2959-2963. 

161. Elias P, CVDonnell ME, Mocarski ED, Lehman IR. A DNA binding 
protein specific for an origin of replication of herpes simplex virus type 
1. Proc Natl Acad Sci USA 1986;83:6322-6326. 

162. Elkareh AA, Murphy AJM, Fichter T, Efstradiatis A, Silverstein S. 
"Transactivation" control signals in the promoter of the herpesvirus 
thymidine kinase gene. Proc Natl Acad Sci USA 1985;82:1002-1006. 

163. Elkareh A, Silverstein S, Smiley J. Control of expression of the herpes 
simplex virus thymidine kinase gene in biochemically transformed 
cells. 7 Gen Virol 1984;65:19-36. 

164. Ellis MN, Keller PM, Fyfe JA, Martin JL, Rooney JF, Straus SE, 
Lehrman SN, Barry DW. Clinical isolate of herpes simplex virus type 



2 that induces a thymidine kinase with an altered substrate specificity. 
Antimicrob Agents Chemother 1 987;3 1 : 1 1 1 7-1 1 25. 

1 65. Embretson J, Staskus K, Retzel EF, Haase AT, Bitterman P. PCR am- 
plification of viral DNA and viral host cell mRNAs in situ. In: The 
polymerase chain reaction fin press]. 

166. Epstein MA. Observations on the mode of release of herpes virus from 
infected HeLa cells. 7 Cell Biol 1962;12:589-597. 

167. Erickson JS, Kaplan AS. Synthesis of proteins in cells infected with 
herpesvirus. IX. Sulfated proteins. Virology 1973;55:94-102. 

168. Everett RD. DNA sequence elements required for regulated expression 
of the HSV-I glycoprotein D gene lie within 83 bp of the RNA cap- 
sites. Nucleic Acids Res 1983;1 1:6647-6666. 

169. Everett RD. A detailed mutational analysis of Vmwl 10, a trans-acting 
transcriptional activator encoded by herpes simplex virus type 1 . EMBO 
7 1987;6:2069-2076. 

170. Everett RD. A detailed analysis of an HSV-1 early promoter sequences 
involved in trans-activation by immediate-early gene products are not 
early-gene specific. Nucleic Acids Res 1984;12:3037-3055. 

171. Everett RD. Transactivation of transcription by herpes virus products: 
requirement for two HSV- 1 immediate-early polypeptides for maxi- 
mum activity. EMBO 7 1 984;3:3 1 35-3 141. 

172. Everett RD, Dunlop M. Trans-activation of plasmid-borne promoters 
by adenovirus and several herpes group viruses. Nucleic Acids Res 
1984;12:5969. 

1 73. Everett RD, Orr A. The Vmwl 75 binding site in the IE-1 promoter has 
no apparent role in the expression of Vmwl 10 during herpes simplex 
virus type 1 infection. Virology 1991;180:509-517. 

174. Everett RD, Orr A, Elliott M. High level expression and purification 
of herpes simplex virus type 1 immediate early polypeptide VmWI 10. 
Nucleic Acid Res 1991;19:6155-6161. 

1 75. Everett RJ, DiDonato J, Elliott M, Muller M. Herpes simplex virus type 
1 polypeptide ICP4 binds DNA. Nucleic Acids Res 1992;20:1229-1233. 

176. Faber SW, Wilcox KW. Association of herpes simplex virus regulato- 
ry protein ICP4 with sequences spanning the ICP4 gene transcription 
initiation site. Nucleic Acids Res 1988;16:555-570. 

177. Faber SW, Wilcox KW. Association of the herpes simplex virus reg- 
ulatory protein ICP4 with specific nucleotide sequences in DNA. Nu- 
cleic Acids Res 1986;14:6067-6083. 

178. Farrell MJ, Dobson AT, Feldman LT. Herpes simplex virus latency as- 
sociated transcript is a stable intron. Proc Natl Acad Sci USA 
1991;88:790-794. 

179. Fawl RL, Roizman, B. Induction of reactivation of herpes simplex virus 
in murine sensory ganglia in vivo by cadmium. 7 Virol 
1993;67:7025-7031. 

180. Feldman LT, Imperiale MJ, Nevins JR. Activation of early adenovirus 
transcription by the herpesvirus immediate early gene: evidence for a 
common cellular control factor. Proc Natl Acad Sci USA 1982; 
79:4952^956. 

181. Fenwick M, Morse LS, Roizman B. Anatomy of herpes simplex virus 
DNA. XI. Apparent clustering of functions effecting rapid inhibition 
of host DNA and protein synthesis. 7 Virol 1979;29:825-827. 

182. Fenwick ML, Owen SA. On the control of immediate early (a) mRNA 
survival in cells infected with herpes simplex virus. 7 Gen Virol 
1988;69:2869-2877. 

183. Fenwick ML, Roizman B. Regulation of herpesvirus macromolecular 
synthesis. VI. Synthesis and modification of viral polypeptides in enu- 
cleated cells. 7 Virol 1977;22:720-725. 

184. Fenwick ML, Walker MJ. Suppression of the synthesis of cellular 
macromolecules by herpes simplex virus. 7 Gen Virol 1978;41 :37-51. 

185. Field HJ, Darby G. Pathogenicity in mice of herpes simplex viruses 
which are resistant to acyclovir in vitro and in vivo. Antimicrob Agents 
Chemother 1980;17:209-216. 

186. Field HJ, Wildy P. The pathogenicity of thymidine kinase-deficient 
mutants of herpes simplex virus in mice. 7 Hyg 1978;81:267-277. 

187. Fisher FB, Preston VG. Isolation and characterisation of herpes sim- 
plex virus type 1 mutants which fail to induce dUTPase activity. Vi- 
rology 1986;148:190-197. 

188. Flanagan WM, Papavassiliou AG, Rice M, Hecht LB,Silverstein S, 
Wagner EK. Analysis of the herpes simplex virus type 1 promoter con- 
trolling the expression of U L 38, a true late gene involved in capsid as- 
sembly. 7 Virol 1991:65:769-786. 

189. Fletcher C, Heintz N, Roeder RG. Purification and characterization of 
OTF- 1 , a transcription factor regulating cell cycle expression of a human 
histone H2b gene. Cell 1987;51:773-781. 



Herpes Simplex Viruses and Their Replication / 2283 



190. Forrester A, Farrell H, Wilkinson G, Kaye J, Davis-Poynter N, Min- 
son T. Construction and properties of a mutant of herpes simplex virus 
type 1 with glycoprotein H coding sequences deleted. J Virol 1992; 
66:341-348. 

191. Frame MC, Marsden HS, Dutia BM. The ribonucleotide reductase in- 
duced by herpes simplex virus type I involves minimally a complex 
of two polypeptides (136K and 38K).J(?e/i Virol 1985;66:1581-1587. 

192. Frame MC, Marsden HS, McGeoch DJ. Novel herpes simplex virus type 
1 glycoproteins identified by antiserum against a synthetic oligopeptide 
from the predicted product of gene US4. J Gen Virol 1986;67:745-75 1. 

193. Frame MC, Purves FC, McGeoch DJ, Marsden HS, Leader DP. Iden- 
tification of the herpes simplex virus protein kinase as the product of 
viral gene US3. J Gen Virol 1987;68:2699-2704. 

194. Francke B, Moss H, Timbury MC, Hay J. Alkaline DNAse activity in 
cells infected with a temperature-sensitive mutant of herpes simplex 
virus type 2. J Virol 1978;26:209-213. 

195. Fraser JW, Deatly AM, Mellerick Ml, Muggeridge JI, Spivack JG. Mol- 
ecular biology of latent HSV- 1 . In: Lopez C, Roizman B, eds. Human 
herpesvirus infections: pathogenesis, diagnosis, and treatment. New 
York: Raven Press; 1986:39-54. 

196. Frenkel N, Locker H, Batterson W, Hayward G, Roizman B. Anato- 
my of herpes simplex DNA. VI. Defective DNA originates from the S 
component. J Virol 1976;20:527-531. 

197. Frenkel N, Roizman B. Separation of the herpesvirus deoxyribonucle- 
ic acid on sedimentation in alkaline gradients. J Virol 1972;10:565-572. 

198. Frenkel N, Roizman B. Ribonucleic acid synthesis in cells infected 
with herpes simplex virus: control of transcription and of RN A abun- 
dance. Proc Natl Acad Sci USA 1972;69:2654-2659. 

199. Frenkel N, Silverstein NS, Cassai E, Roizman B. RNA synthesis in 
cells infected with herpes simplex virus. VII. Control of transcription 
and of transcript abundancies of unique and common sequences of her- 
pes simplex 1 and 2. J Virol 1 973; 1 1:886-892. 

200. Frink RJ, Anderson KP, Wagner EK. Herpes simplex virus type 1 Hind 
III fragment L encodes spliced and complementary mRNA species. J 
Virol 1981;39:559-572. 

201. Frink RJ, Eisenberg R, Cohen G, Wagner EK. Detailed analysis of the 
portion of the herpes simplex virus type 1 genome encoding glyco- 
protein C. J Virol 1983;45:634-647. 

201a.Fruth IC, Kwangseog A, Djaballah H, Sempe P, van Edert PM, Tampe 
P, Peterson PA, Yang Y. A viral inhibitor of peptide transporters for 
antigen presentation. Nature 1995;375:415-418. 

202. Furlong D, Swift H, Roizman B. Arrangement of herpes-virus de- 
oxyribonucleic acid in the core. J Virol 1972; 10: 1071-1074. 

203. Gaffhey DF, McLauchlan J, Whitton JL, Clements JB. A modular sys- 
tem for the assay of transcription regulatory signals: the sequence 
TAATGARAT is required for herpes simplex virus immediate early 
gene activation. Nucleic Acids Res 1985;13:7847-7863. 

204. Gao M, Knipe DM. Potential role for herpes simplex virus ICP8 DNA 
replication protein in stimulation of late gene expression. J Virol 
1991;65:2666-2675. 

205. Gao M, Matisick-Kumar L, Hurlburt W, DiTusa SF, Newcomb WW, 
Brown JC, McCann PJ III, Deckman I, Colonno RJ. The protease of 
herpes simplex virus is essential for functional capsid formation and 
viral growth. J Virol 1994;68:3702-3712. 

206. Gatzke L, Meadows H, Gruenheid S, Tufaro F. Isolation of mutant 
mouse L cell lines defective in the binding of herpes simplex virus to 
the cell surface. In: Abstracts of the 1 6th International Herpesvirus 
Workshop. 1991:56. 

207. Gelman IH, Silverstein S. Dissection of immediate-early gene pro- 
moters from herpes simplex virus: sequences that respond to the virus 
transcriptional activators. J Virol 1 987;61 :3 167-3 1 72. 

208. Gelman IH, Silverstein S. Herpes simplex virus immediate-early pro- 
moters are responsive to virus and cell /ra/is-acting factors. J Virol 
1987;61:2286-2296. 

209. Gelman IH, Silverstein S. Co-ordinate regulation of herpes simplex 
virus gene expression is mediated by the functional interaction of two 
immediate early gene products. J Mol Biol 1986; 191 : 395-409. 

210. Gelman IH, Silverstein S. Identification of immediate early genes from 
herpes simplex virus that transactivate the virus thymidine kinase gene. 
Proc Natl Acad Sci USA 1985; 82:5265-5269. 

21 1. Georgopoulou U. Michaelidou A, Roizman B, Mavromara-Nazos P. 
Identification of a new transcriptional unit that yields a gene product 
within the unique sequences of the short component of the herpes sim- 
plex virus 1 genome. J Virol 1993;67:3961-3968. 



212. Gerster T, Roeder RG. A herpesvirus trans-activating protein interacts 
with transcription factor OTF-1 and other cellular proteins. Proc Natl 
AcadSciUSA 1988;85:6347-6351. 

213. Gibson W, Roizman B. Protein specified by herpes simplex virus. X. 
Staining and radiolabeling properties of B capsids and virion proteins 
in polyacrylamide gels. J Virol 1974; 1 13:155-165. 

214. Gibson W, Roizman B. The structural and metabolic involvement of 
polyamines with herpes simplex virus. In: Russell DH, ed. Polyamines 
in normal and neoplastic growth. New York: Raven Press; 
1973:123-135. 

215. Gibson W, Roizman B. Proteins specified by herpes simplex virus. 
VIII. Characterization and composition of multiple capsid forms of 
subtypes 1 and 2. 7 Virol 1972;10:1044-1052. 

216. Gibson W, Roizman B. Compartmentalization of spermine and sper- 
midine in the herpes simplex virion. Proc Natl Acad Sci USA 1971; 
68:2818-2821. 

217. Godowski PJ, Knipe DM. Transcriptional control of herpesvirus gene 
expression: gene functions required for positive and negative regula- 
tion. Proc Natl Acad Sci USA 1986;83:256-260. 

218. Godowski PJ, Knipe DM. Identification of a herpes simplex virus that 
represses late gene expression from parental viral genomes. J Virol 
1985;55:357-365. 

219. Godowski PJ, Knipe DM. Mutations in the major DNA-binding pro- 
tein gene of herpes simplex virus type 1 result in increased levels of 
viral gene expression. J Virol 1983;47:478-486. 

220. Goldstein DJ, Weller SK. Herpes simplex virus type 1 -induced ri- 
bonucleotide reductase activity is dispensable for virus growth and 
DNA synthesis: isolation and characterization of an ICP6 lacZ inser- 
tion mutant. J Virol 1988;62:196-205. 

22 1 . Goldstein DJ, Weller SK. Factors) present in herpes simplex virus type 
1 -infected cells can compensate for the loss of the large subunit of the 
viral ribonucleotide reductase: characterization of and ICP6 deletion 
mutant. Virology 1988;166:41-51. 

222. Goodpasture EW. Herpetic infections with special reference to in- 
volvement of the nervous system. Medicine (Baltimore) 1929; 
8:223-243. 

223. Gordon YJ, Arullo-Cruz TP, Romanowski E, Ruziczka L, Balouris C, 
Oren J, Cheng K, Kim S. The development of an improved murine ion- 
tophoresis reactivation model for the study of HSV- 1 latency. Invest 
Ophthalmol Vis Sci 1986;27:1230-1234. 

224. Gordon YJ, McKnight JLC, Ostrove JM, Romanowski E, Araullo-Cruz 
T. Host species and strain differences affect the ability of an HSV-1 
ICP0 deletion mutant to establish latency and spontaneously reactivate 
in vivo. Virology 1990; 178:469^77. 

225. Graham FL, Velihaisen G, Wilkie NM. Infectious herpes virus DNA. 
Nature 1973;245:265-266. 

226. Greaves R, O'Hare P. Separation of requirements for protein-DNA 
complex assembly from those for functional activity in the herpes sim- 
plex virus regulatory protein Vmw65. J Virol 1989;63: 1641-1650. 

227. Greaves RF, O'Hare P. Structural requirements in the herpes simplex 
virus type 1 transactivator Vmw65 for interaction with the cellular oc- 
tamer-binding protein and target TAATGARAT sequences. J Virol 
1990;64:2716-2724. 

228. Green MR, Maniatis T, Melton DA. Human B-globin pre-mRNA syn- 
thesized in vitro is accurately spliced in Xenopus oocyte nuclei. Cell 
1983;32:681-694. 

229. Guzowski J, Wagner EK. Mutational analysis of the herpes simplex 
virus type 1 strict late U L 38 promoter/leader reveals two regions criti- 
cal in transcriptional regulation. J Virol 1993;67:5098-5108. 

230. Hall LM, Draper KG, Fluck RJ, Carter RH, Wagner EK. Herpes sim- 
plex virus mRNA species mapping in EcoRI fragment I. J Virol 
1982;43:594-607. 

23 1 . Halpern ME, Smiley JR. Effects of deletions on expression of the her- 
pes simplex virus thymidine kinase gene from the intact viral genome: 
the amino terminus of the enzyme is dispensable for catalytic activity. 
J Virol 1984;50:733-738. 

232. Hammer SM, Buchman TG, D'Angelo LJ, Karchmer AW, Roizman 
B, Hirsch MS. Temporal cluster of herpes simplex encephalitis: in- 
vestigation by restriction endonuclease cleavage of viral DNA. J In- 
fect Dis 1980; 14 1:436-440. 

233. Harbour DA, Hill TJ, Blyth WA. Recurrent herpes simplex in the 
mouse: inflammation in the skin and activation of virus in the ganglia 
following peripheral stimuli. J Gen Virol 1983;64:1491-1498. 

234. Hardwick J, Romanowski E, Arullo-Cruz T, Gordon YJ. Timolol pro- 



'2284 / Chapter 72 



motes reactivation of latent HSV-1 in the mouse iontophoresis model. 
Invest Ophthalmol Vis Sci 1987;28:580-584. 

235. Hardwicke MA, Vaughan PJ, Sekulovich RE, O' Conner R, Sandri- 
Goldin RM. The regions important for the activator and repressor func- 
tions of herpes simplex virus type 1 a protein ICP27 map to the C-ter- 
minal half of the molecule. J Virol 1989;63:4590-4602. 

236. Hardy WR, Hardwicke MA, Sandri-Goldin RM. The HSV-1 regula- 
tory protein ICP27 appears to impair host cell splicing. In: Abstracts 
of the 1 7th International Herpesvirus Workshop, Edinburgh, 1992:105. 

237. Hay J, Subak-Sharpe JH. Mutants of herpes simplex virus types 1 and 
2 that are resistant to phosphonoacetic acid induce altered DNA poly- 
merase activities in infected cells. J Gen Virol 1976;31:145-148. 

238. Hayward GS, Frenkel N, Roizman B. The anatomy of herpes simplex 
virus DNA: strain differences and heterogeneity in the locations of re- 
striction endonuc lease cleavage sites. Proc Natl Acad Sci USA 
1975;72:1768-1772. 

239. Hayward GS, Jacob RJ, Wadsworth SC, Roizman B. Anatomy of her- 
pes simplex virus DNA: evidence for four populations of molecules 
that differ in the relative orientations of their long and short segments. 
Proc Natl Acad Sci USA 1975;72:4243-4247. 

240. He X, Treacy MN, Simmons DM, Ingraham HA, Swanson LW, Rosen- 
feld MG. Expression of a large family of POU-domain regulatory genes 
in mammalian brain development. Nature 1989;340:35-42. 

241. Heilbronn R, Weller SK, zur Hausen H. Herpes simplex virus type 1 
mutants for the origin-binding protein induce DNA amplification in 
the absence of viral replication. Virology 1990;179:478-481. 

242. Heine JW, Honess R W, Cassai E, Roizman B. Proteins specified by 
herpes simplex virus. XII. The virion polypeptides of type 1 strains J 
Virol 1974;14:640-651. 

243. Heine UI. Intranuclear viruses. In: Busch H, ed The cell nucleus. New 
York: Academic Press; 1974:489. 

244. Hernandez TR, Lehman IR. Functional interaction between the herpes 
simplex I DNA polymerase and UL42 protein. J Biol Chem 
1990;265:11227-11232. 

245. Herold BC, WuDunn D, Soltys N, Spear PG. Glycoprotein C of her- 
pes simplex virus type 1 plays a principal role in the adsorption of virus 
to cells and in infectivity. J Virol 1991;65:1090-1098. 

246. Herr W, Sturm RA, Clerc RG, Corcoran LM, Baltimore D, Sharp PA, 
Ingraham HA, Rosenfeld MG, Finney M, Ruvkun G, Horvitz HR. The 
POU domain: a large conserved region in the mammaian pit A, ocM, 
oct-2, and Caenorhabditis elegans unc-%6 gene products. Genes Dev 
1988;2:1513-1516. 

247. Herz C, Roizman B. The a promoter regulator-ovalbumin chimeric 
gene resident in human cells is regulated like the authentic a4 gene 
after infection with herpes simplex virus 1 mutants in ct4 gene. Cell 
1983;33:145-151. 

247a. Hill A, Jugovic P, York 1, Russ G, Bennink J, Yewdell J, Ploegh H, 
Johnson D. Herpes simplex virus turns off the TAP to evade host im- 
munity. Nature 1995;375:411-415. 

248. Hill TJ, Blyth WA, Harbour DA. Recurrent herpes simplex in mice: 
topical treatment with acyclovir cream. Antiviral Res 1982;2:135-146. 

249. Hill TJ, Blyth WA, Harbour DA. Trauma to the skin causes recurrence 
of herpes simplex in the mouse. J Gen Virol 1978;39:21-28. 

250. Hill JM, Sederati F, Javier RT, Wagner EK, Stevens JG. Herpes sim- 
plex virus latent phase transcription facilitates in vivo reactivation. Vi- 
rology 1990;174:117-125. 

251. Ho DY, Mocarski ES. Herpes simplex virus latent RNA (LAT) is not 
required for latent infection in the mouse. Proc Natl Acad Sci USA 
1989;86:7596-7600. 

252. Hoggan MD, Roizman B. The isolation and properties of a variant of 
herpes simplex producing multinucleated giant cells in monolayer cul- 
tures in the presence of antibody. AmJHyg 1959;70:208-219. 

253. Holland LE, Anderson KP, Shipman C, Wagner EK. Viral DNA syn- 
thesis is required for the efficient expression of specific herpes virus 
type 1 mRNA species. Virology 1980;101:50-53. 

254. Holland LE, Anderson KP, Stringer JR, Wagner EK. Isolation and lo- 
calization of herpes simplex vims type 1 mRNA abundant before viral 
DNA synthesis. J Virol 1979;31:447-462. 

255. Holland LE, Sandri-Goldin RM, Goldin AL, Glorioso JC, Levine M. 
Transcriptional and genetic analyses of the herpes simplex virus type 
1 genome: coordinates 0.29 to 0.45. J Virol 1984;49:947-959. 

256. Holmes AM, Wietstock SM, Ruyechan WT. Identification and char- 
acterization of a DNA primase activity present in herpes simplex virus 
type 1-infected HeLa cells. J Virol 1988;62:1038-1045. 



257. Homa FL, Glorioso JC, Levine M. A specific 15-bp TATA box pro- 
moter element is required for expression of a herpes simplex virus type 4 * * 

1 late gene. Genes Dev 1988;2:40-53. 

258. Homa FL, Otal TM, Glorioso JC, Levine M. Transcriptional control 
signals of a herpes simplex virus type 1 late (7^ gene lie within bases 
-34 to - 124 relative to the 5' terminus of the mRNA. Mol Cell Biol 
1986;6:3652-3666. 

259. Honess RW, Purifoy DJM, Young D, Gopal R, Cammack N, O'Hare 
P. Single mutations at many sites within the DNA polymerase locus of 
herpes simplex viruses can confer hypersensitivity to aphidocolin and 
resistance to phosphonoacetic acid. J Gen Virol 1984:65:1-17. 

260. Honess RW, Roizman B. Regulation of herpesvirus macro-molecular 
synthesis: sequential transition of polypeptide synthesis requires func- 
tional viral polypeptides. Proc Natl Acad Sci USA 1975;72:1276-1280. 

261. Honess RW, Roizman B. Regulation of herpesvirus macro-molecular 
synthesis. I. Cascade regulation of the synthesis of three groups of viral 
proteins. J Virol 1974;14:8-19. 

262. Honess RW, Roizman B. Proteins specified by herpes simplex virus. 
XI. Identification and relative molar rates of synthesis of structural and 
non-structural herpesvirus polypeptides in infected cells. J Virol 
1973;12:1346-1365. 

263. Hope RG, Marsden HS. Processing of glycoproteins induced by her- 
pes simplex virus type 1 : sulphation and nature of the oligosaccharide 
linkages. J Gen Virol 1983;64:1943-1953. 

264. Huang A, Jacobi G, Haj-Ahmad Y, Bacchetti S. Expression of the HSV- 

2 ribonucleotide reductase subunits in adenovirus vectors or stably 
transformed cells: restoration of enzymatic activity by reassociation of 
enzyme subunits in the absence of other HSV proteins. Virology 
1988;I63:462^70. 

265. Huang AS, Wagner RR. Penetration of herpes simplex virus into human 
epidermoid cells. Proc Soc Exp Biol Med 1 966; 1 16:863-869. 

266. Huang C-J, Goodart SA, Rice MK, Guzowski JF, Wagner EK. Muta- 
tional analysis of sequence downstream of the TATA box of the her- 
pes simplex virus type 1 major promoter capsid protein (VP5/U L 19) 
promoter. J Virol 1993;67:5109-51 16. 

267. Hubbard SC, Ivatt RJ. Synthesis and processing of asparagine-1 inked 
oligosaccharides. Annu Rev Biochem 198 1 ;50:555-583. 

268. Hubenthal-Voss J, Starr L, Roizman B. The herpes simplex virus ori- 
gins of DNA synthesis in the S component are each contained in a tran- 
scribed open reading frame. J Virol 1987;61:3349-3355. 

269. Hung S-L, Srinivasan S, Friedman HM, Eisenberg RJ, Cohen GH. 
Structural basis of C3b binding by glycoprotein C of herpes simplex 
virus. J Virol 1 992 ;66:40 13^027. 

270. Huszar D, Bacchetti S. Partial purification and characterization of the 
ribonucleotide reductase induced by herpes simplex virus infection of 
mammalian cells. J Virol 1981;37:580-588. 

271. Hutchinson L, Browne H, Wargent V, Davis-Poynter N, Primorac S, 
Goldsmith K, Minson A, Johnson DC. A novel herpes simplex virus gly- 
coprotein, gL, forms a complex with glycoprotein H (gH) and affects 
normal folding and surface expression of gH. J Virol 1992;6:2240-2250. 

272. Igarashi K, Fawl R, Roller R, Roizman B. Construction and properties 
of a recombinant herpes simplex virus 1 lacking both S component ori- 
gins of DNA synthesis. J Virol 1993;67:2123-2132. 

273. Imbalzano AN, Coen DM, DeLuca NA. Herpes simplex virus trans- 
activator ICP4 operationally substitutes for the cellular transcription 
factor Spl for efficient expression of the viral thymidine kinase gene. 
J Virol 1991;65:565-574. 

274. Imbalzano AN, Shapard AA, DeLuca NA. Functional relevance of spe- 
cific interactions between herpes simplex virus type 1 ICP4 and se- 
quences from the promoter-regulatory domain of the viral thymidine 
kinase gene. J Virol 1990;64:2620-2631 . 

275. Ingemarson R, Lankinen H. The herpes simplex virus type 1 ribonu- 
cleotide reductase is a tight complex of the type a202 composed of 
40K and 140K proteins, of which the latter shows multiple forms due 
to proteolysis. Virology 1987;56:417-422. 

276. Ingles CJ, Shales M, Cress WD, Triezenberg SJ, Greenblatt J. Reduced 
binding ofTFIID to transcriptionally compromised mutants of 
VP16. Nature 1991;51:588-590. 

277. Jacob RJ, Morse LS, Roizman B. Anatomy of herpes simplex virus 
DNA. XIII. Accumulation of head to tail concatemers in nuclei of in- 
fected cells and their role in the generation of the four isomeric arrange- 
ments of viral DNA. J Virol 1979;9:448-457. 

278. Jacob RJ, Roizman B. Anatomy of herpes simplex virus DNA. VIII. 
Properties of the replicating DNA. J Virol 1977;23:394-41 1. 



Herpes Simplex Viruses and Their Replication / 2285 



279. Jacobson JG, Leib DA, Goldstein DJ, Bogard CC, SchafFer PA, Weller 
SK, Coen DM. A herpes simplex virus ribonucleotide reductase dele- 
tion mutant is defective for productive, acute, and reactivatible infec- 
tions of mice and for replication in mouse cells. Virology 
1989;3:276-283. 

280. Jacobson JG, Martin SL, Coen DM. A conserved open reading frame 
that overlaps the herpes simplex virus thymidine kinase gene is im- 
portant for viral growth in cell culture. J Virol 1989;63:1839-1843. 

281. Jamieson AT, Subak-Sharpe JH. Biochemical studies on the herpes 
simplex virus-specified deoxypyrimidine kinase activity. J Gen Virol 
1974;4:481^92. 

282. Javier RT, Izumi KM, Stevens JG. Localization of a herpes simplex 
virus neuro virulence gene dissociated from high-titer virus replication 
in the brain. J Virol 1988;2:1381-1387. 

283. Javier RT, Stevens JG, Dissette VB, Wagner EK. A herpes simplex 
virus transcript abundant in latently infected neurons is dispensable for 
establishment of the latent state. Virology 1988;66:254-257. 

284. Javier RT, Thompson RL, Stevens JG. Genetic and biological analy- 
ses of a herpes simplex virus intertypic recombinant reduced specifi- 
cally for neurovirulence. J Virol 1987;65:1978-1984. 

285. Jenkins FJ, Casadaban M, Roizman B. Application of the mini Mu 
phage for target sequence specific insertional mutagenesis of the her- 
pes simplex virus genome. Proc Natl Acad Sci USA 1985;82:4773-4777. 

286. Jenkins FJ, Roizman B. Herpes simplex virus recombinants with non- 
inverting genomes frozen in different isomeric arrangements are ca- 
pable of independent replication. J Virol 1986;59:494-499. 

287. Jofrie JT, Schaffer PA, Parris DS. Genetics of resistance to phospho- 
noacetic acid in strain KOS of herpes simplex type 1 . J Virol 
1977;23:833-836. 

288. Johnson DC, Frame MC, Ligas MW, Cross AM, Stow ND. Herpes 
simplex virus immunoglobulin G Fc receptor activity depends on a 
complex of two viral glycoproteins, gE and gl. J Virol 1988;62: 
1347-1354. 

289. Johnson DC, Ligas MW. Herpes simplex viruses lacking glycoprotein 
D are unable to inhibit virus penetration: quantitative evidence for virus- 
specific cell surface receptors. J Virol 1988;62:4605-4612. 

290. Johnson DC, McDermott MR, Chrisp C, Glorioso JC. Pathogenicity 
in mice of herpes simplex virus type 2 mutants unable to express gly- 
coprotein C. J Virol 1986;58:36-42. 

291. Johnson DC, Spear PG. Monensin inhibits the processing of herpes 
simplex virus glycoproteins, their transport to the cell surface, and the 
egress of virions from infected cells. J Virol 1982;43: 1 102-1 112. 

292. Johnson DC, Spear PG. O-linked oligosaccharides are acquired by her- 
pes simplex virus glycoproteins in the Golgi apparatus. Cell 
1983;32:987-997. 

293. Johnson DC, Spear PG. Evidence for translational regulation of her- 
pes simplex virus type 1 gD expression. J Virol 1984;5 1 :389-394. 

294. Johnson PA, Everett RD. The control of herpes simplex virus type-1 
late gene trancription: a *TATA-box7cap-site region is sufficient for 
fully efficient regulated activity. Nucleic Acids Res 1986;14:8247-8264. 

295. Johnson PA, MacLean C, Marsden HS, Dalziel RG, Everett RD. The 
product of gene US 1 1 of herpes simplex virus type 1 is expressed as a 
true late gene. J Gen Virol 1986;67:871-883. 

296. Jones KA, Tijan R. Spl binds to promoter sequences and activates her- 
pes simplex virus 'immediate-early' gene transcription in vitro. Nature 
1985;317:179-185. 

297. Jones KA, Yamamoto KR, Tjian R. Two distinct transcription factors 
bind to the HSV thymidine kinase promoter in vitro. Cell 1985; 
42:559-572. 

298. Jones N, Shenk T. An adenovirus 5 early gene product function regu- 
lates expression of other early viral genes. Proc Natl Acad Sci USA 
1979;76:3665-3669. 

299. Jones PC, Hayward GS, Roizman B. Anatomy of herpes simplex virus 
DNA. VII. otRNA is homologous to noncontiguous sites in the L and 
S components of viral DNA. J Virol 1977;21:268-278. 

300. Jones PC, Roizman B, Regulation of herpesvirus macromolecular syn- 
thesis: VIII. The transcription program consists of three phases during 
which both extent of transcription and accumulation of RNA in the cy- 
toplasm are regulated. J Virol 1979;31:299-314. 

301. Kaner RA, Baird A, Mansukhani A, Basilico C, Summers B, 
Florkiewicz R, Hajjar D. Fibroblast growth factor receptor is a portal 
of cellular entry for herpes simplex virus type 1. Science 1990; 
248:1410-1413. 

302. Kaplan AS, Ben-Porat T. The effect of pseudorabies virus on the nu- 



cleic acid metabolism and on the nuclei of rabbit kidney cells. Virolo- 
gy 1959;8:352-366. 

303. Katan M, Haigh A, Verrijzer CP, van der VHet PC, O'Hare P. Char- 
acterization of a cellular factor which interacts functionally with Oct- 
1 in the assembly of a multicomponent transcription complex. Nucle- 
ic Acids Res 1990;18:6871-6880. 

304. Katz JP, Bodin ET, Coen DM. Quantitative polymerase chain reaction 
analysis of herpes simplex virus DNA in ganglia of mice infected with 
replication incompetent mutants. J Virol 1990;64:4288^*295. 

305. Keir HM. Virus-induced enzymes in mammalian cells infected with 
DNA-viruses. In: Crawford LV, Stoker MGP, eds. The molecular bi- 
ology of viruses. Cambridge: Cambridge University Press; 1968:67-99. 

306. Keir HM, Gold E. Deoxyribonucleic acid nucleotidyltransferase and' 
deoxyribonuclease from cultured cells infected with herpes simplex 
virus. Biochim Biophys Acta 1963;72:263-276. 

307. Kelleher RJ III, Flanagan PM, Kornberg RD. A novel mediator be- 
tween activator proteins and the RNA polymerase II transcription ap- 
paratus. Cell 1990;61:1209-1215. 

308. Kibler PK, Duncan J, Keith BD, Hupel T, Smiley JR. Regulation of 
herpes simplex virus true late gene expression: sequences downstream 
from the U s l I TATA box inhibit expression from an unreplicated tem- 
plate. J Virol 1991;65:6749-6760. 

309. Kieff ED, Bachenheimer SL, Roizman B. Size, composition and struc- 
ture of the DNA of subtypes 1 and 2 herpes simplex virus. J Virol 
1971;8:125-129. 

310. Kit S, Dubbs DR. Properties of deoxythymidine kinase partially puri- 
fied from noninfected and virus-infected mouse fibroblast cells. Vi- 
rology 1965;26:16-27. 

311. Kit S, Dubbs DR. Acquisition of thymidine kinase activity by herpes 
simplex infected mouse fibroblast cells. Biochem Biophys Res Com- 
mun 1963;11:55-59. 

3 1 2. Klein RJ. Effect of immune serum on the establishment of herpes sim- 
plex virus infection in trigeminal ganglia of hairless mice. J Gen Virol 
1980;49:401^105. 

313. Klein RJ. Pathogenetic mechanisms of recurrent herpes simplex viral 
infections. Arch Virol 1976;51:1-13. 

314. Klein RJ, Friedman AE, Yellin PB. Orofacial herpes simplex virus in- 
fection in hairless mice: latent virus in trigeminal ganglia after topical 
antiviral treatment. Infect Immun 1978;20:130-135. 

3 1 5. Klein RJ, Friedman-Kien AE, Brady E. Latent herpes simplex virus 
infection in ganglia of mice after primary infection and re- inoculation 
at a distant site. Arch Virol 1978;57:161-166. 

3 1 6. Klein RJ, Friedman-Kien AE, DeStefano E. Latent herpes simplex virus 
infections in sensory ganglia of hairless mice prevented by acy- 
cl oguanosine. Antimicrob Agents Chemother 1979;15:723-729. 

317. Klein RJ, Friedman-Kien AE, Fondak AA, Buimovici-Klein E. Im- 
mune response and latent infection after topical treatment of herpes 
simplex virus infection in hairless mice. Infect Immun 1977;16:842-848. 

3 1 8. Klemperer HG, Haynes GR, Sheddon WIH, Watson DH. A virus-spe- 
cific thymidine kinase in BHK 21 cells infected with herpes simplex 
virus. Virology 1967;31:120-128. 

319. Knipe DM, Ruyechan WT, Roizman B. Molecular genetics of herpes 
simplex virus. III. Fine mapping of a genetic locus determining resis- 
tance to phosphonoacetate by two methods of marker transfer. J Virol 
1979;29:698-704. 

320. Knipe DM, Ruyechan WT, Roizman B, Halliburton IW. Molecular ge- 
netics of herpes simplex virus. Demonstration of regions of obligato- 
ry and non-obligatory identity in diploid regions of the genome by se- 
quence replacement and insertion. Proc Natl Acad Sci USA 1978; 
75:3896-3900. 

32 1 . Knopf CW, Spies B, Kaemer HC. The DNA replication origins of her- 
pes simplex virus type 1 strain Angelotti. Nucleic Acid Res 
1986;14:8655-8667. 

322. Koch H-G, Rosen A, Ernst F, Becker Y, Darai G. Determination of the 
nucleotide sequence flanking the deletion (0.762 to 0.789 map units) 
in the genome of and intraperitoneally avirulent HSV-1 strain HFEM. 
Virus Res 1987;7:105-115. 

323. Koff A, Schwedes JF, Tegtmeyer P. Herpes simplex virus origin bind- 
ing protein (U L 9) loops and distorts the viral rteplication origin. J Virol 
1991;65:3284-3292. 

324. Koff A, Tegtmeyer P. Characterization of major recognition sequences 
for a herpes simplex virus type 1 origin-binding protein. J Virol 
1988;2:4096-^103. 

325. Koop KE, Duncan J, Smiley JR. Binding sites for the herpes simplex 



"2286 / Chapter 72 



virus immediate early protein ICP4 impose an increased dependence 
on viral DNA replication on simple model promoters located in the 
viral genome. J Virol 1993;67:7254-7263. 

326. Kosz-Vnenchak M, Jacobson J, Coen DM, Knipe DM. Evidence for a 
novel regulatory pathway for herpes simplex virus gene expression in 
trigeminal ganglion neurons. J Virol 1993;67:5383-5393. 

327. Kousoulas KG, Pellett PE, Pereira L, Roizman B. Mutations affecting 
conformation or sequence of neutralizing epitopes identified by reac- 
tivity of viable plaques segregate from syn and ts domains of HS V- 
1(F) gB gene. Virology 1984;35:379-395. 

328. Kozak M, Roizman B. RNA synthesis in cells infected with herpes sim- 
plex virus. IX. Evidence for accumulation of abundant symmetric tran- 
scripts in nuclei. J Virol 1975;15:36-40. 

329. Kozak M, Roizman B. Regulation of herpesvirus macromolecular syn- 
thesis: nuclear retention of non-translated viral RNA sequences. Proc 
Natl Acad Sci USA 1974;71;4322-4326. 

330. Krause PR, Croen KD, Straus SE, Ostrove JM. Detection and prelim- 
inary characterization of herpes simplex virus type 1 transcripts in la- 
tently infected human trigeminal ganglia. J Virol 1988;62:4819-4823. 

331. Kristensson K, Lycke E, Roytta M, Svennerholm B, Vahlne A. Neu- 
ritic transport of herpes simplex virus in rat sensory neurons in vitro. 
Effects of substances interacting with microtubular function and ax- 
onal flow [Nocodazone, Taxol and Erythro-9-3-(2-hydroxynonyl)ade- 
nine]. J Gen Virol 1986;67:2023-2028. 

332. Kristie TM, LeBowitz JH, Sharp PA. The octamer-binding proteins 
form multi-protein-DNA complexes with the HSV ctTIF regulatory 
protein, EM BO J 1989;8:4229-4238. 

332a. Kristie TM, Pomerantz JL, Twomey TC, Parent SA, Sharp PA. The 
cellular Cl factor of herpes simplex virus enhancer complex is a fam- 
ily of polypeptides. J Biol Chem 1995;270:4387-4394. 

333. Kristie TM, Roizman B. Differentiation and DNA contact points of 
host proteins binding at the cis site for virion-mediated induction of a 
genes of herpes simplex virus {.J Virol 1988;62:1 145-1 157. 

334. Kristie TM, Roizman B, Host cell proteins bind to the cis-acting site 
required for virion-mediated induction of herpes simplex virus 1 a 
genes. Proc Natl Acad Sci USA 1987;84:71-75. 

335. Kristie TM, Roizman B. DNA-binding site of major regulatory protein 
ot4 specifically associated with the promoter-regulatory domains of a 
genes of herpes simplex virus type 1 . Proc Natl Acad Sci USA 1986; 
83:4700-4704. 

336. Kristie TM, Roizman B. a4, the major regulatory protein of herpes 
simplex virus type 1 , is stably and specifically associated with pro- 
moter-regulatory domains of ot genes and of selected other viral genes. 
Proc Natl Acad Sci USA 1986;83:3218-3222. 

337. Kristie TM, Roizman B. Separation of sequences defining basal ex- 
pression from those conferring a gene recognition within the regula- 
tory domains of herpes simplex virus 1 a genes. Proc Natl Acad Sci 
USA 1984;81:4065-4069. 

338. Kristie TM, Sharp PA. Interactions of the Oct-1 POU subdomains with 
specific DNA sequences and with the HSV a-trans-activator protein. 
Genes Dev 1990;4:2383-2396. 

339. Kwon BS, Gangarosa LP, Burch KD, deBack J, Hill JM. Induction of 
ocular herpes simplex virus shedding by iontophoresis of epinephrine 
into rabbit cornea. Invest Ophthamol Vis Sci 198 1 ;2 1 :442-449. 

340. Kwon BS, Gangarosa LP, Green K, Hill JM. Kinetics of ocular herpes 
simplex virus shedding induced by epinephrine iontophoresis. Invest 
Ophthalmol Vis Sci 1982;22:818-821. 

341. Kwong AD, Frenkel N. Herpes simplex virus-infected cells contain a 
function(s) that destabilizes both host and viral mRNAs. Proc Natl 
Acad Sci USA 1987;84:1926-1930. 

342. Kwong AD, Kruper JA, Frenkel N. Herpes simplex virus virion host 
shutoff function. J Virol 1988;62:912-921. 

343. LaBella F, Sive HL, Roeder RG, Heintz N. Cell-cycle regulation of a 
human histone H2b gene is mediated by the H2b subtype-specific con- 
sensus element. Genes Dev 1988;2:32-39. 

344. Ladin BF, Blankenship ML, Ben-Porat T. Replication of herpesvirus 
DNA. V. The maturation of concatemeric DNA of pseudorabies virus 
to genome length is related to capsid formation. J Virol 
1980;33:1151-1164. 

345. Ladin BF, Ihara S, Hampl H, Ben-Porat T. Pathway of assembly of her- 
pesvirus capsids: an analysis using DNA temperature sensitive mutants 
of pseudorabies virus. Virology 1982; 1 16:544-561. 

346. Lagunoff M, Roizman B. Expression of a herpes simplex virus 1 open 
reading frame antisense to the 7,34.5 gene and transcribed by an RNA 



3' coterminal with the unspliced latency associated transcript. J Virol 
1994;68:6021-6028. 
346a. Lagunoff M, Roizman B. The regulation of synthesis and properties of 
the protein product of the open reading frame P of the herpes simplex 
virus 1 genome. J Virol 1995;69:3615-3623. 

347. Lam V, Eamon W, Rice S. Identification of functional regions in the 
amino-terminal half of the HSV-1 regulatory protein ICP27. In: Ab- 
stracts of the J 7th International Herpesvirus Workshop. 1992:85. 

348. LaMarco KL, McKnight SL. Purification of a set of cellular polypep- 
tides that bind to the purine-rich cis-regulatory element of herpes sim- 
plex virus immediate early genes. Genes Dev 1989;3:1372-1383. 

349. LaMarco KL, Thompson CC, Byers BP, Walton EM, McKnight SL. 
Identification of Ets- and notch-related subunits in GA binding pro-' 
tein. Science 1991;253:789-791. , 

350. Lampert F, Bahr GF, Rabson AS. Herpes simplex virus: dry mass. Sci- 
ence 1969;166:1163-1165. 

35 1 . Lando D, Ryhiner ML. Pouvoir infectieux du DNA d'herpes virus ho- 
minis en culture cellulaire. CR Acad Sci 1969;269:527. 

352. Lee CK, Knipe DM. An immunoassay for the study of DNA-binding 
activities of herpes simplex virus protein ICP8. J Virol 1985;54:731-738. 

353. Lee CK, Knipe DM. Thermolabile in vivo DNA-binding activity as- 
sociated with a protein encoded by mutants of herpes simplex virus 
type 1 . J Virol 1 983 ;46:909-9 1 9. 

354. Lee GTY, Para MF, Spear PG. Location of the structural genes for gly- 
coproteins gD and gE and for other polypeptides in the S component 
of herpes simplex virus type 1 DNA. 7 Virol 1982;43:41-49. 

355. Lee GTY, Pogue-Geile KL, Pereira L, Spear PG. Expression of her- 
pes simplex virus glycoprotein C from a DNA fragment inserted into 
the thymidine gene of this virus. Proc Natl Acad Sci USA 1982; 
79:6612-6616. 

356. Leetsma JE, Bornstein MB, Sheppard RD, Feldman LA. Ultrastruc- 
tural aspects of herpes simplex virus infection in organized cultures of 
mammalian nervous tissue. Lab Invest 1969;20:70-78. 

357. Leib DA, Bogard CL, Kosz-Vnenchak M, Hicks KA, Coen DM, Knipe 
DM, Schaffer PA. A deletion mutant of the latency associated tran- 
script of herpes simplex virus type 1 reactivates from the latent state 
with reduced frequency. J Virol 1989;63:2893-2900. 

358. Leib DA, Coen DM, Bogard CL, Hicks KA, Yager DR, Knipe DM, 
Schaffer PA. Immediate-early gene mutants define different stages in 
the establishment and reactivation of herpes simplex virus latency-/ 
Virol 1989;63:759-768. 

359. Leist TP, Sandri-Goldin RM, Stevens JG. Latent infections in spinal 
ganglia with thymidine kinase deficient herpes simplex virus. J Virol 
1989;63:4976^4978. 

360. LeMaster S, Roizman B. Herpes simplex virus phosphoproteins: II. 
Characterization of the virion protein kinase and of the polypeptides 
phosphorylated in the virion. J Virol 1980;35:798-81 1. 

361 . Leung W-C, Dimock K, Smiley J, Bacchetti S. HSV thymidine kinase 
transcripts are absent from both nucleus and cytoplasm during infec- 
tion in the presence of cycloheximide. J Virol 1980;36:361-365. 

362. Li E, Tabas I, Kornfeld S. The synthesis of complex type oligosac- 
charides. I. Structure of the lipid-linked oligosaccharide precursor of 
the complex type oligosaccharides of the vesicular stomatitis virus G 
protein. J Biol Chem 1978;253:7762-7770. 

363. Ligas MW, Johnson DC. A herpes simplex virus mutant in which gly- 
coprotein D sequences are replaced by B-galactosidase sequences binds 
to but is unable to penetrate into cells. J Virol 1988;62:1486-1494. 

364. Liljelund P, Ingles CJ, Greenblatt J. Altered promoter binding of the 
TATA box-binding factor induced by the transcriptional activation do- 
main of VP 16 and suppressed by TFIIA. Mol Gen Genet 
1993;241:694-699. 

365. Lin Y-S, Green MR. Mechanism of action of an acidic transcriptional 
activator in vitro. Cell 1991;64:971-981. 

366. Linneman CC, Buchman TG, Light I J, Ballard JL, Roizman B. Trans- 
mission of herpes simplex virus type 1 in a nursery for the newborn: 
identification of viral isolates by DNA "fingerprinting." Lancet 
1978;1:964-966. 

367. Little SP, Schaffer PA. Expression of the syncytial (syn) phenotype in 
HSV- 12, strain KOS: genetic and phenotypic studies of mutants in two 
syn loci. Virology 1981;112:686-702. 

368. Liu F, Roizman B. Characterization of the protease and of other prod- 
ucts of the amino terminus proximal cleavage of the herpes simplex 
virus 1 U L 26 protein. J Virol 1993;67:1441-1452. 

369. Liu F, Roizman, B. Differentiation of multiple domains in the herpes 



Herpes Simplex Viruses and Their Replication / 2287 



simplex virus 1 protease encoded by the U L 26 gene. Proc Natl Acad 
Sci USA 1992;89:2076-2080. 

370. Liu F, Roizman B. The herpes simplex virus 1 gene encoding a pro- 
tease also contains within its coding domain the gene encoding the 
more abundant substrate. J Virol 1991;65:5149-5156. 

371. Liu F, Roizman B. The promoter, transcriptional unit and coding se- 
quence of herpes simplex virus 1 family 35 proteins are contained with- 
in and in frame with the U L 26 open reading frame. J Virol 
1991;65:206-212. 

372. Locker H, Frenkel N. Bam HI, Kpn I and Sal I restriction enzyme maps 
of the DNAs of herpes simplex virus strains Justin and F: occurrence 
of heterogeneities in defined regions of the viral DNA. J Virol 1979; 
32:424-441. 

373. Locker H, Frenkel H, Halliburton I. Structure and expression of class 
II defective herpes simplex virus genomes encoding infected cell 
polypeptide number 8. J Virol 1982;43:574-593. 

374. Lockshon D, Galloway DA. Cloning and characterization of oriL2, a 
large palindromic DNA replication origin of herpes simplex virus type 
2.7 Virol 1986;62:513-521. 

375. Longnecker R, Chatterjee S, Whitley RJ, Roizman B. Identification of 
a novel herpes simplex virus 1 glycoprotein gene within a gene clus- 
ter dispensable for growth in cell culture. Proc Natl Acad Sci USA 
1987;84:4303-4307. 

376. Longnecker R, Roizman B. Clustering of genes dispensable for growth 
in cell culture in the small component of the herpes simplex virus 1 
genome. Science 1987;236:573-576. 

377. Longnecker R, Roizman B. Generation of an inverting herpes simplex 
virus 1 mutant lacking the L-S junction a sequences, an origin of DNA 
synthesis, and several genes including those specifying glycoprotein E 
and the «47 gene. J Virol 1986;58:583-591. 

378. Lycke E, Kristensson K, Svennerholm B, Vahlne A, Ziegler R. Uptake 
and transport of herpes simplex virus in neurites of rat dorsal root gan- 
glia cells in culture. J Gen Virol 1984;65:55-64. 

379. Lynas C, Laycock KA, Cook SD, Hill TJ, Blyth WA, Maitland NJ. De- 
tection of herpes simplex virus type 1 gene expression in latently and 
productively infected mouse ganglia using the polymerase chain reac- 
tion. J Gen Virol 1989;70:2345-2355. 

380. Mackem S, Roizman B. Regulation of a genes of herpes simplex virus: 
the a27 gene promoter-thymidine kinase chimera is positively regu- 
lated in converted L cells. J Virol 1982;43:1015-1023. 

381. Mackem S, Roizman B. Differentiation between a promoter and reg- 
ulator regions of herpes simplex virus 1 : the functional domains and se- 
quence of a movable a regulator. Proc Natl Acad Sci USA 1982; 
79:4917^921. 

382. Mackem S, Roizman B. Structural features of the herpes simplex virus 
a gene 4, 0, and 27 promoter-regulatory sequences which confer a reg- 
ulation on chimeric thymidine kinase genes. J Virol 1982;44:939-949. 

383. Mackem S, Roizman B. Regulation of herpesvirus macromolecular 
synthesis: transcription-initiation sites and domains of a genes. Proc 
Natl Acad Sci USA 1980;77:7122-7126. 

384. MacLean CA, Dolan A, Jamieson FE, McGeoch DJ. The myristylat- 
ed virion proteins of herpes simplex virus type 1 : investigation of their 
role in the virus life cycle. J Gen Virol 1 992;73 :539-547. 

385. MacLean CA, Efstathiou S, Elliott ML, Jamieson FE, McGeoch DJ. 
Investigation of herpes simplex virus type 1 genes encoding multiply 
inserted membrane proteins. J Gen Virol 1991 ;72:897-906. 

386. Manservigi R, Spear PG, Buchan A. Cell fusion induced by herpes sim- 
plex virus is promoted and suppressed by different viral glycoproteins. 
Proc Natl Acad Sci USA 1977;74:3913-3917. 

387. Marchetti ME, Smith CA, Schaffer PA. A temperature-sensitive mu- 
tation in a herpes simplex virus type 1 gene required for viral DNA 
synthesis maps to coordinates 0.609 through 0.614 in UL. J Virol 
1988;62:715-721. 

388. Mark GE, Kaplan AS. Synthesis of protein in cells infected with her- 
pesvirus. VII. Lack of migration of structural viral proteins to the nu- 
cleus of arginine-deprived cells. Virology 1971;45:53-60. 

389. Marsden HS, Campbell MEM, Haarr L, Frame MC, Parris DS, Mur- 
phy M, Hope RG, Muller MT, Preston CM. The 65,000-Mr DNA-bind- 
ing and virion trans-inducing proteins of herpes simplex virus type 1 . 
J Virol 1987;61:2428-2437. 

390. Marsden HS, Stow ND, Preston VG, Timbury MC, Wilkie NM. Phys- 
ical mapping of herpes simplex virus induced polypeptides. J Virol 
1978;28:624-642. 

39 1 . Marshall R. Glycoproteins. Annu Rev Biochem 1 978;4 1 :673-702. 



392. Mattaj IW, Lienhard S, Jiricny J, DeRobertis EM. An enhancer-like 
sequence within the Xenopus U2 gene promoter facilitates the forma-** 
tion of stable transcription complexes. Nature 1985;316:163-167. 

393. Matthews TJ, Cohen GH, Eisenberg RJ. Synthesis and processing of 
glycoprotein D of herpes simplex virus types 1 and 2 in an in vitro sys- 
tem. J Virol 1983;48:521-533. 

394. Matz B, Subak-Sharpe JH, Preston VG. Physical mapping of temper- 
ature-sensitive mutations of herpes simplex virus type 1 using cloned 
restriction endonuclease fragments. J Gen Virol 1983;64:2261-2270. 

395. Mavromara-Nazos P, Ackermann M, Roizman B. Construction and 
properties of a viable herpes simplex virus 1 recombinant lacking the 
coding sequences of the ot47 gene. J Virol 1 986;60:807-8 1 2. 

396. Mavromara-Nazos P, Roizman B. Delineation of regulatory domains 
of early (fl) and late (7J genes by construction of chimeric genes ex- 
pressed in herpes simplex virus 1 genomes. Proc Natl Acad Sci USA 
1989;86:4071-4079. 

397. Mavromara-Nazos P, Roizman B. Activation of herpes simplex virus 
1 7 2 genes by viral DNA replication. Virology 1987;161:593-598. 

398. McCarthy AM, McMahan L, Schaffer PA. Herpes simplex virus type 
1 ICP27 deletion mutants exhibit altered patterns of transcription and 
are DNA deficient. J Virol 1989;63:18-27. 

399. McCIure HM, Swanson RB, Kalter SS, Lester TL. Natural genital her- 
pesvirus hominis infections in chimpanzees {Pan trogloditis and Pan 
iseus). Lab Animal Sci 1980;30:895-901. 

400. McCormick L, Roller RJ, Roizman B. Characterization of a herpes sim- 
plex virus sequence which binds a cellular protein as either a single 
stranded or double stranded DNA or RNA. J Virol 1992;66:3435-3447. 

401. McCracken RM, Clarke JK. A thin section study of the morphogene- 
sis of Aujeszky's disease virus in synchronously infected cell cultures. 
Arch Ges Virusforsch 1971;34:189-201. 

402. McGeoch DJ, Dalrymple MA, Davison AJ, Dolan A, Frame MC, 
McNab D, Perry LJ, Scott JE, Taylor P. The complete DNA sequence 
of the long unique region in the genome of herpes simplex virus type 
X.JGen Virol 1988;69:1531-1574. 

403. McGeoch DJ, Dalrymple MA, Dolan A. Structures of herpes simplex 
virus type 1 genes required for replication of virus DNA. J Virol 
1988;62:444^153. 

404. McGeoch DJ, Davison AJ. Alpha herpesviruses possess a gene ho- 
mologous to the protein kinase family of eukaryotes and retroviruses. 
Nucleic Acids Res 1 986; 14: 1 765-1 777. 

405. McGeoch DJ, Dolan A, Donald S, Rixon FJ. Sequence determination 
and genetic content of the short unique region in the genome of herpes 
simplex virus type X.JMolBiol 1985;181:1-13. 

406. McKee TA, Disney GH, Everett RD, Preston CM. Control of expres- 
sion of the varicella-zoster virus major immediate early gene. J Gen 
Virol 1990;71:897-906. 

407. McKendall RR. Efficacy of herpes simplex virus type 1 immunisation 
in protecting against acute and latent infections by herpes simplex virus 
type 2 in mice. Infect Immun 1977;16:717-719. 

408. McKendall RR, Klassen T, Baringer JR. Host defenses in herpes sim- 
plex infections of the nervous system: effect of antibody on disease 
and viral spread. Infect Immun 1979;23:305-3 1 1. 

409. McKnight JLC, Kristie TM, Roizman B. Binding of the virion protein 
mediating a gene induction in herpes simplex virus 1 -infected cells to 
its cis site requires cellular proteins. Proc Natl Acad Sci USA 
1987;84:7061-7065. 

410. McKnight SL. Functional relationships between transcriptional con- 
trol signals of the thymidine kinase gene of herpes simplex virus. Cell 
1982;31:355-365. 

411. McKnight SL. The nucleotide sequence and transcript map of the her- 
pes simplex virus thymidine kinase gene. Nucleic Acids Res 1980; 
8:5949-5964. 

412. McKnight SL, Gavis ER, Kingsbury R. Analysis of transcriptional reg- 
ulatory signals of the HSV thymidine kinase gene: identification of an 
upstream control region. Cell 1981;25:385-398. 

413. McKnight S, Kingsbury RC. Transcriptional control signals of a eu- 
karyotic protein-coding gene. Science 1982;217:316-324. 

414. McKnight SL, Kingsbury RC, Spence A, Smith M. The distal tran- 
scription signals of the herpesvirus tk gene share a common hexanu- 
cleotide control sequence. Cell 1984;37:253-262. 

415. McKnight SL, Tijan R. Trancriptional selectivity of viral genes in mam- 
malian cells. Cell 1986;46:795-805. 

416. McLauchlan J, Clements JB. A 3' co-terminus of two early herpes sim- 
plex virus type 1 mRNAs. Nucleic Acids Res 1982;10:501-512. 



' 2288 / Chapter 72 



4 1 7. McLauchlan J, Rixon FJ. Characterization of enveloped tegument struc- 
tures (L particles) produced by alpha herpesviruses: integrity of the 
tegument does not depend on the presence of capsid or envelope. J Gen 
Virol 1992;73:269-276. 

418. McLauchlan J, Simpson S, Clements JB. Herpes simplex virus induces 
a processing factor that stimulates poly(A) site usage. Cell 1989; 
59:1093-1105. 

419. McMahan L, Schaffer PA. The repressing and enhancing functions of 
the herpes simplex virus regulatory protein ICP27 map to the C-ter- 
minal regions and are required to modulate viral gene expression very 
early in infection. J Virol 1990;64:3471-3485. 

420. McNearny TA, Odell C, Holers VM, Spear PG, Atkinson JP. Herpes 
simplex virus glycoproteins gC-1 and gC-2 bind to the third compo- 
nent of complement and provide protection against complement-me- 
diated neutralization of viral infectivity. J Exp Med 1987; 
166:1525-1535. 

421. Meignier B, Longnecker R, Mavromara-Nazos P, Sears A, Roizman 
B. Virulence of and establishment of latency by genetically engineered 
mutants of herpes simplex virus 1. Virology 1987;162:251-254. 

422. Meignier B, Longnecker R, Roizman B. In vivo behavior of genetical- 
ly engineered herpes simplex viruses R7017 and 7020: construction 
and evaluation in rodents. J Infect Dis 1988;158:602-614. 

423. Meignier B, Norrild B, Roizman B. Colonization of murine ganglia by 
a superinfecting strain of herpes simplex virus. Infect Immun 1983; 
41:702-708. 

424. Mellerick DM, Fraser NW. Physical state of the latent herpes simplex 
virus genome in a mouse model system: evidence suggesting an epi- 
somal state. Virology 1987;158:265-275. 

425. Meredith DM, Lindsay JA, Halliburton IW, Whittaker GR. Post-trans- 
lational modification of the tegument proteins (VP 13 and VP 14) of her- 
pes simplex virus type 1 by glycosylation and phosphorylation. J Gen 
Virol 1991;72:2771-2775. 

426. Meredith M, Orr A, Everett R. Herpes simplex virus type 1 immediate 
early protein vmwl 10 binds strongly and specifically to a 135-kDa cel- 
lular protein. Virology 1994;200:457-469. 

427. Michael N, Roizman B. Repression of the herpes simplex virus 1 ct4 
gene by its gene product takes place within the context of the viral 
genome and is associated with all three identified cognate sites. Proc 
Natl Acad Sci USA 1993;90:2286-2290. 

428. Michael N, Roizman B. Determination of the number of protein 
monomers binding to DNA with Fab fragments of monoclonal anti- 
bodies to the protein. Methods Mol Cell Biol 1990; 1 :203-2 1 1 . 

429. Michael N, Roizman B. The binding of herpes simplex virus major reg- 
ulatory protein to viral DNA. Proc Natl Acad Sci USA 1989; 
86:9808-9817. 

430. Michael N, Spector D, Mavromara-Nazos P, Kristie TM, Roizman B. 
The DNA-binding properties of the major regulatory protein ot4 of her- 
pes simplex viruses. Science 1 988;239: 1 53 1-1 534. 

43 1 . Mirda DP, Navarro D, Paz P, Lee PL, Pereira L, Williams LT. The fi- 
broblast growth factor receptor is not required for herpes simplex virus 
type 1 infection. J Virol 1992;66:448-457. 

432. Mitchell C, Blaho JD, Roizman B. Casein kinase II specifically nu- 
cleotidylylates in vitro the amino acid sequence of the protein encod- 
ed by the a22 gene of the herpes simplex virus 1 . Proc Natl Acad Sci 
USA 1994;91:11864-11868. 

433. Mitchell WJ, Deshmane SL, Dolan A, McGeoch DJ, Fraser NW. Char- 
acterization of herpes simplex virus type 2 transcription during latent 
infection of mouse trigeminal ganglia. J Virol 1990;64:5342-5348. 

434. Mitchell WJ, Lirette RP, Fraser NW. Mapping of low abundance la- 
tency associated RNA in the trigeminal ganglia of mice latently in- 
fected with herpes simplex virus type 1 . J Gen Virol 1990;7 1 : 1 25-132. 

435. Mocarski ES, Post LE, Roizman B. Molecular engineering of the her- 
pes simplex virus genome: insertion of a second L-S junction into the 
genome causes additional genome inversions. Cell 1980;22:243-255. 

436. Mocarski ES, Roizman B. The structure and role of the herpes simplex 
virus DNA termini in inversion, circularization and generation of viri- 
on DNA. Cell 1982;31:89-97. 

437. Mocarski ES, Roizman B. Herpesvirus-dependent amplification and 
inversion of a cell-associated viral thymidine kinase gene flanked by 
viral a sequences and linked to an origin of viral DNA replication. Proc 
Natl Acad Sci USA 1982;79:5626-5630. 

438. Mocarski ES, Roizman B. Site specific inversion sequence of herpes 
simplex virus genome: domain and structural features. Proc Natl Acad 
Sci USA 1981;78:7047-7051. 



439. Morgan C, Rose HM, Holden M, Jones EP. Electron microscopic ob- 
servations on the development of herpes simplex virus. J Exp Met 
1959;110:643-656. 

440. Morgan C, Rose HM, Mednis B. Electron microscopy of herpes sim- 
plex virus. I. Entry. J Virol 1968;2:507-516. 

441. Morse LS, Buchman TG, Roizman B, Schaffer PA. Anatomy of her- 
pes simplex virus DNA. DC. Apparent exclusion of some parental DNA 
arrangements in the generation of intertypic (HSV-1 X HSV-2) re- 
combinants. J Virol 1977;24:231-248. 

442. Morse LS, Pereira L, Roizman B, Schaffer PA. Anatomy of HSV DNA. 
XI. Mapping of viral genes by analysis of polypeptides and functions 
specified by HSV-1 X HSV-2 recombinants. J Virol 1978;26:389-410. 

443. Moss H. The herpes simplex virus type 2 alkaline DNase activity is es- 
sential for replication and growth. J Gen Virol 1986;67:1 173-1 178. 

444. Moss H, Chartrand P, Timbury MC, Hay J. Mutant of herpes simplex 
virus type 2 with temperature sensitive lesions affecting virion ther- 
mostability and DNase activity: identification of the lethal mutation 
and physical mapping of the nuc" lesion. J Virol 1979;32:140-146. 

445. Muggeridge M, Cohen GH, Eisenberg RJ. Herpes simplex virus in- 
fection can occur without involvement of the fibroblast growth factor 
receptor. J Virol 1992;66:824-830. 

446. Mullaney J, Moss HW, McGeoch DJ. Gene UL2 of herpes simplex 
virus type 1 encodes a uracil-DNA glycosylase. J Gen Virol 1989; 
70:449-454. 

447. Muller MT. Binding of the herpes simplex virus immediate-early gene 
product ICP4 to its own transcription start site. J Virol 1987;61:858-865. 

448. Murchie MJ, McGeoch DJ. DNA sequence analysis of an immediate- 
early gene region of the herpes simplex virus type 1 genome (map co- 
ordinates 0.950-0.978). J Gen Virol 1982;62:1-15. 

449. Murphy S, Yoon J-B, Gerster T, Roeder RG. Oct- 1 and Oct-2 poten- 
tiate functional interactions of a transcription factor with the proximal 
sequence element of small nuclear RNA genes. Mol Cell Biol 
1992;12:3247-3261. 

450. Nesburn AB, Elliot JM, Leibowitz HM. Spontaneous reactivation of 
experimental herpes simplex keratitis in rabbits. Arch Ophthalmol 
1967;78:523-529. 

45 1 . Newcomb WW, Brown JC. Structure of the herpes simplex virus cap- 
sid: effects of extraction with guanidine hydrochloride and partial re- 
constitution of extracted capsids. J Virol 1991;65:613-620. 

452. Newcomb WW, Brown JC. Use of Ar plasma to localize structural 
proteins in the capsid of herpes simplex virus type 1. J Virol 
1989;63:4697-4702. 

453. Nieman H, Klenk HD. Coronavirus glycoprotein El, a new type of 
viral glycoprotein. J Mol Biol 1981;153:993-1010. 

454. Nii S, Morgan C, Rose HM, Hsu KC. Electron microscopy of herpes 
simplex virus. IV. Studies with ferritin conjugated antibodies. J Virol 
1968;2:1172-1184. 

455. Nikas I, McLauchlan J, Davison AJ, Taylor WR, Clements JB. Struc- 
tural features of ribonucelotide reductase. Protein Struct Funct Genet 
1986;1:376-384. 

456. Nishioka Y, Silverstein S. Requirement of protein synthesis for the 
degradation of host mRNA in Friend erythro leukemia cells infected 
with herpes simplex virus type \ .J Virol 1978;27:619-627. 

457. Nishioka Y, Silverstein S. Alterations in the protein synthetic appara- 
tus of Friend erythro leukemia cells infected with vesicular stomatitis 
virus or herpes simplex virus. J Virol 1978;25:422-426. 

458. Nishioka Y, Silverstein S. Degradation of cellular mRNA during in- 
fection by herpes simplex virus. Proc Natl Acad Sci USA 1977; 
74:2370-2374. 

459. Nishiyama Y, Kurachi R, Daikoku T, Umene K. The US 9, 10, 1 1 , and 
12 genes of herpes simplex virus type 1 are of no importance for its 
neurovirulence and latency in mice. Virology 1993;194:419-423. 

460. O'Hare P, Goding CR. Herpes simplex virus regulatory elements and 
the immunoglobulin octamer domain bind a common factor and are 
both targets for virion transactivation. Cell 1988;52:435-445. 

461. O'Hare P, Goding CR, Haigh A. Direct combinatorial interaction be- 
tween a herpes simplex virus regulatory protein and a cellular octamer- 
binding factor mediates specific induction of virus immediate-early 
gene expression. EMBOJ 1988;7:4231-4238. 

462. O'Hare P, Hayward GS. Evidence for a direct role for both the 175,000 
and 1 10,000-molecular weight immediate-early proteins of herpes sim- 
plex virus in the transactivation of delayed-early promoters. J Virol 
1985;53:751-760. 

463. O'Hare P, Hayward GS. Three trans-acting regulatory proteins of her- 



Herpes Simplex Viruses and Their Replication / 2289 



pes simplex virus modulate immediate-early gene expression in a path- 
way involving positive and negative feedback regulation. J Virol 
1985;56:723-733. 

464. 0*Hare P, Mosca JD, Hayward GS. Multiple trans-acting proteins of 
herpes simplex virus that have different target promoter specificities 
and exhibit both positive and negative regulatory functions. Cancer 
Cells 1986;4:175-188. 

465. Olivo PD, Nelson NJ, Challberg MD. Herpes simplex type 1 gene prod- 
ucts required for DNA replication: identification and overexpression-/ 
Virol 1989;63:196-204. 

466. Olofsson S, Blomberg J, Lycke E. O-linked glycosidic carbohydrate- 
peptide linkages of herpes simplex virus glycoproteins. Arch Virol 
1981;70:321-329. 

467. O'Neill EA, Kelly TJ. Purification and characterization of nuclear fac- 
tor HI (origin recognition protein C), a sequence-specific DNA bind- 
ing protein required for efficient initiation of adenovirus DNA repli- 
cation. J BiolChem 1988;263:931-937. 

468. Orberg P, SchafFer PA. Expression of herpes simplex virus type 1 major 
DNA-binding protein, ICP8, in transformed cell lines: complementa- 
tion of deletion mutants and inhibition of wild-type virus. J Virol 
1987;61:1136-1146. 

469. Oroskar AA, Read GS. A mutant of herpes simplex virus type 1 ex- 
hibits increased stability of immediate-early (a) mRNAs. J Virol 
1987;61:604-606. 

470. Papavassiliou AG, Silverstein SJ. Characterization of DNA-protein com- 
plex formation in nuclear extracts with a sequence from the herpes sim- 
plex virus thymidine kinase gene. J Biol Chem 1990;265: 1648-1657. 

47 1 . Papavassiliou AG, Silverstein SJ. Interaction of cell and virus proteins 
with DNA sequences encompassing the promoter/regulatory and leader 
regions of the herpes simplex virus thymidine kinase gene. J Biol Chem 
1990;265:9402-9412. 

472. Papavassiliou AG, Wilcox KW, Silverstein SJ. The interaction of ICP4 
with cell/infected-cell factors and its state of phosphorylation modu- 
late differential recognition of leader sequences in herpes simplex virus 
DNA. EMBO J 1 99 1 ; 1 0:397^06. 

473. Para MF, Baucke RB, Spear PG. Glycoprotein gE of herpes simplex 
virus type 1 : effects of anti-gE on virion infectivity and on virus-in- 
duced Fc-binding receptors. J Virol 1982;41:129-136. 

474. Para M, Baucke R, Spear PG. IG-G (FC)-binding receptors on virions 
of HSV-1 and transfer of these receptors to the cell surface. J Virol 
1980;34:512-520. 

475. Parris DS, Cross A, Haarr L, Orr A, Frame MC, Murphy M, McGeoch 
DJ, Marsden HS. Identification of the gene encoding the 65-kilodal- 
ton DNA-binding protein of herpes simplex vims type 1 . J Virol 
1988;62:818-825. 

476. Parris DS, Dixon RAF, SchafFer PA. Physical mapping of herpes sim- 
plex vims type 1 ts mutants by marker rescue: correlation of the phys- 
ical and genetic maps. Virology 1980;100:275-287. 

477. Parris D, Harrington JE. Herpes simplex virus variants resistant to high 
concentrations of acyclovir exist in clinical isolates. Antimicrob Agents 
Chemother 1982;22:71-77. 

478. Parslow TG, Jones SD, Bond B, Yamamoto K. The immunoglobulin 
octanucleotide: independent activity and selective interaction with en- 
hancers. Science 1987;235:1498-1501. 

479. Paul MS, Aegerter M, O'Brien SE, Kurtz CB t Wess JH. The murine 
complement receptor family. Analysis of mCRY gene products and 
their homology to human CR 1 . J Immunol 1 989; 1 42:582-589. 

480. Peake ML, Nystrom P, Pizer LI. Herpesvirus glycoprotein synthesis 
and insertion into plasma membranes. J Virol 1982;42:678- 690. 

48 1 . Pellett PE, McKnight JLC, Jenkins FJ, Roizman B. Nucleotide sequence 
and predicted amino acid sequence of a protein encoded in a small her- 
pes simplex virus DNA fragment capable of trans-inducing a genes. 
Proc Natl Acad Sci USA 1985;82:5870-5874. 

482. Pereira L, Cassai E, Honess RW, Roizman B, Terni M, Nahmias A. 
Variability in the structural polypeptides of herpes simplex virus 1 
strains: potential applications in molecular epidemiology. Infect Immun 
1976;13:211-220. 

483. Pereira L, Wolff M, Fenwick M, Roizman B. Regulation of herpesvirus 
synthesis. V. Properties of a polypeptides specified by HSV-1 and HSV- 
2. Virology 1977;77:733-749. 

484. Perry LJ, Rixon FJ, Everett RD, Frame MC, McGeoch DJ. Character- 
ization of the IE 1 10 gene of herpes simplex virus type \ .J Gen Virol 
1986;67:2365-2380. 

485. Person S, Kousoulas KC, Knowles RW, Read GS, Holland TC, Keller 



PM, Warner SC. Glycoprotein processing in mutants of HSV-1 that in- 
duce cell fusion. Virology 1 982; 1 17:293-306. 

486. Person S, Laquerre S, Desai P, Hempel J. Herpes simplex virus type 1 
capsid protein, VP21, originates within the U L 26 open reading frame. 
J Gen Virol 1993;74:2269-2273. 

487. Pizer LI, Cohen GH, Eisenberg RJ. Effect of tunicamycin on herpes 
simplex virus glycoproteins and infectious virus production. J Virol 
1980;34:142-153. 

488. Plummer G, Goodheart CR, Henson D, Bowling CP. A comparative 
study of the DNA density and behavior in tissue cultures of fourteen 
different herpesviruses. Virology 1969;39:134-137. 

489. Poffenberger KL, Roizman B. Studies on non-inverting genome of a 
viable herpes simplex virus 1. Presence of head-to-tail linkages in pack- 
aged genomes and requirements for circularization after infection. J 
Virol 1985;53:589-595. 

490. Poffenberger KL, Tabares E, Roizman B. Characterization of a viable, 
non-inverting herpes simplex virus 1 genome derived by insertion of 
sequences at the L-S component junction. Proc Natl Acad Sci USA 
1983;80:2690-2694. 

491. Pogue-Geile KL, Lee GT-Y, Shapira SK, Spear PG. Fine mapping of 
mutations in the fusion-inducing MP strain of herpes simplex virus type 
1. Virology 1984;136:100-109. 

492. Pogue-Geile KL, Lee GT-Y, Spear PG. Novel rearrangements of her- 
pes simplex virus DNA sequences resulting from duplication of a se- 
quence within the unique region of the L component. J Virol 
1985;53:456^61. 

493. Pogue-Geile KL, Spear PG. The single base pair substitution respon- 
sible for the syn phenotype of herpes simplex vims type 1 , strain MP. 
Virology 1987;157:67-74. 

494. Polvino-Bodnar M, Orberg PK, Schaffer PA. Herpes simplex virus type 
1 oriL is not required for virus replication or for the establishment and 
reactivation of latent infection in mice. J Virol 1987;61:3528-3535. 

495. Poon APW, Roizman B. Characterization of a ts mutant of the U L I5 
open reading frame of HSV-1. J Virol 1993;67:4497^503. 

496. Posavad CM, Newton JJ, Rosenthal KL. Inhibition of human CTL-me- 
diated lysis by fibroblasts infected with herpes simplex Virus. J Im- 
munol 1993;151:4865-4873. 

497. Posavad CM, Rosenthal KL. Herpes simplex virus-infected human fi- 
broblasts are resistant to and inhibit cytotoxic T lymphocyte activity. 
J Virol 1992;66:6264-6272. 

498. Post LE, Mackem S, Roizman B. Regulation of a genes of herpes sim- 
plex virus: expression of chimeric genes produced by fusion of thymi- 
dine kinase with a gene promoters. Cell 1981;24:555-565. 

499. Post LE, Roizman B. A generalized technique for deletion of specific 
genes in large genomes: a gene 22 of herpes simplex virus 1 is not es- 
sential for growth. Cell 1981;25:227-232. 

500. Powell K, Purifoy D. Nonstructural proteins of herpes simplex virus. 
I. Purification of the induced DNA polymerase*/ Virol 1977;24:618-626. 

501. Preston CM. Control of herpes simplex virus type 1 mRNA synthesis 
in cells infected with wild type virus or the temperature sensitive mu- 
tant tsK. J Virol 1979;29:275-284. 

502. Preston CM. Cell-free synthesis of herpes-simplex virus coded pyrim- 
idine deoxyribonucleotide kinase enzyme. J Virol 1977;23:455-460. 

503. Preston CM, Cordingley MG. mRNA- and DNA-directed synthesis of 
herpes simplex virus-coded exonuclease in Xenopus laevis oocytes. J 
Virol 1982;43:386-394. 

504. Preston CM, Frame MC, Campbell MEM. A complex formed between 
cell components and an HSV structural polypeptide binds to a viral im- 
mediate early gene regulatory DNA sequence. Cell 1988;52:425-434. 

505. Preston CM, McGeoch DJ. Identification and mapping of two polypep- 
tides encoded within the herpes simplex virus type 1 thymidine kinase 
gene. J Virol 1981;38:593-605. 

506. Preston CM, Notarianni EL. Poly (ADP-ribosyl)ation of a herpes sim- 
plex virus immediate early polypeptide. Virology 1983;131:492-501. 

507. Preston VG, Coates JAV, Rixon FJ. Identification and characterization 
of a herpes simplex virus gene product required for encapsidation of 
virus DNA. J Virol 1983;45:1056-1064. 

508. Preston VG, Davison AJ, Marsden HS, Timbury MC, Subak-Sharpe 
JH, Wilkie NM. Recombinants between herpes simplex virus types 1 
and 2: analyses of genome structures and expression of immediate- 
early polypeptides. J Virol 1978;28:499-517. 

509. Preston VG, Fisher FB. Identification of the herpes simplex virus type 
1 gene encoding the dUTPase. Virology 1984;138:58-68. 

510. Preston VG, Palfreyman JW, Dutia BM. Identification of a herpes sim- 



2290 / Chapter 72 



plex virus type 1 polypeptide which is a component of the virus-in- 
duced ribonucleotide reductase. J Gen Virol 1984;65:1457-1466. 

511. Price RW, Kahn A. Resistance of peripheral autonomic neurons to in 
vivo productive infection by herpes simplex virus mutants deficient in 
thymidine kinase activity. Infect Immun 1981;43:571-580. 

5 1 2. Price RW, Schmitz J. Route of infection, systemic host resistance, and 
integrity of ganglionic axons influence acute and latent herpes simplex 
virus infection of the superior cervical ganglion. Infect Immun 1979; 
23:373-383. 

513. Price RW, Walz MA, Wohlenberg C, Notkins AL. Latent infection of 
sensory ganglia with herpes simplex virus: efficacy of immunization. 
Science 1975;188:938-940. 

514. Pruijn GJ, van Driel W, van der Vliet PC. Nuclear factor III, a novel 
sequence-specific DNA-binding protein from HeLa cells stimulating 
adenovirus DNA replication. Nature 1986;322:656-659. 

5 1 5. Puga A, Rosenthal JD, Openshaw H, Notkins AL. Herpes simplex virus 
DNA and mRNA sequences in acutely and chronically infected trigem- 
inal ganglia of infected mice. Virology 1 978;89: 1 02-1 1 1 . 

516. Purifoy DJM, Powell KL. Temperature-sensitive mutants in two dis- 
tinct complementation groups of herpes simplex virus type 1 specify 
thermolabile DNA polymerase. J Gen Virol 1981;54:219-222. 

517. Purifoy DJM, Powell KL. DNA-binding proteins induced by herpes 
simplex virus type 2 in HEp-2 cells. J Virol 1976; 19:717-73 1 . 

518. Purifoy DJM, Powell KL. Herpes simplex virus DNA polymerase as 
the site of phosphonoacetate sensitivity: temperature sensitive mutants. 
JKi>o/ 1977;24:47(M77. 

519. Purves FC, Longnecker RM, Leader DP, Roizman B. The herpes sim- 
plex virus 1 protein kinase is encoded by open reading frame US3 which 
is not essential for virus growth in cell culture. J Virol 1 987;61 :2896-2901 . 

520. Purves FC, Ogle WO, Roizman B. The processing of the herpes sim- 
plex virus regulatory protein a22 mediated by the U L 13 protein kinase 
determines the accumulation of a subset of a and mRNAs and proteins 
in infected cells. Proc Natl Acad Sci USA 1993;90:6701-6705. 

521. Purves FC, Roizman B. The U L 13 gene of herpes simplex virus 1 en- 
codes the functions for posttranslational processing associated with 
phosphorylation of the regulatory protein ot22. Proc Natl Acad Sci USA 
1992;89:7310-7314. 

522. Purves FC, Spector D, Roizman B. U L 34, the target of the herpes sim- 
plex virus U s 3 protein kinase, is a membrane protein which in its un- 
phosphorylated state associates with novel phosphoproteins. J Virol 
1992;66:4295-4303. 

523. Purves FC, Spector D, Roizman B. The herpes simplex virus 1 protein 
kinase encoded by U s 3 gene mediates posttranslational modification 
of the phosphoprotein encoded by the U L 34 gene. J Virol 
1991;65:5757-5764. 

524. Puvion-Dutilleul F, Pichard E. Viral alkaline nuclease in intranuclear 
dense bodies induced by herpes simplex infection. Biol Cell 
1986;58:15-22. 

525. Quinlan MP, Chen LB, Knipe DM. The intranuclear location of a her- 
pes simplex virus DNA-binding protein is determined by the status of 
viral DNA replication. Cell 1984;36:857-868. 

526. Quinlan MP, Knipe DM. Stimulation of expression of a herpes sim- 
plex virus DNA-binding protein by two viral functions. Mol Cell Biol 
1985;5:957-963. 

527. Quinn JP, McGeoch DJ. DNA sequence of the region in the genome 
of herpes simplex virus type 1 containing the gene for DNA polymerase 
and the major DNA binding protein. Nucleic Acids Res 1985; 
13:8143-8163. 

528. Rafield LF, Knipe DM. Characterization of the major RNAs transcribed 
from the genes for glycoprotein B and DNA-binding protein ICP8 of 
herpes simplex virus type \.J Virol 1985;49:960-969. 

529. Ramaswamy R, Holland TC. In vitro characterization of the HSV-1 
UL53 gene product Virology 1992;186:579-587. 

530. Read GS, Frenkel N. Herpes simplex virus mutants defective in the 
virion associated shut-off of host polypeptide synthesis and exhibiting 
abnormal synthesis of a (immediate early) viral polypeptides. J Virol 
1983;46:498-512. 

53 1 . Read GS, Karr BM, Knight K. Isolation of a herpes simplex virus type 
1 mutant with a deletion in the virion host shutoff gene and identifi- 
cation of multiple forms of the vhs (U L 41) polypetide 1993; 
67:7149-7160. 

532. Resnick J, Boyd BA, Haffey ML. DNA binding by the herpes simplex 
virus type 1 ICP4 protein is necessary for efficient down regulation of 
the ICP0 promoter. J Virol 1989;63:2497-2503. 



533. Rice SA, Knipe DM. Genetic evidence for two distinct transactivation 
functions of the herpes simplex virus a protein ICP27. J Viroh 
1990;64:1704-1715. 

534. Rice SA, Su L, Knipe DM. Herpes simplex a ICP27 protein possess- 
es separable positive and negative regulatory activities. J Virol 
1989;63:3399-3407. 

535. Richman DD, Buckmaster A, Bell S, Hodgman C, Minson AC. Iden- 
tification of a new glycoprotein of herpes simplex virus type 1 and ge- 
netic mapping of the gene that codes for it. J Virol 1986;57:647-655. 

536. Rixon FJ, Addison C, McLauchlan J. Assembly of enveloped tegument 
structures (L particles) can occur independently of virion maturation 
in herpes simplex virus type 1 -infected cells. J Gen Virol 
1992;73:277-284. 

537. Rixon FJ, Clements JB. Detailed structural analysis of two spliced 
HSV-1 immediate-early mRNAs. Nucleic Acids Res 1982; 10: 
2244-2256. 

538. Rixon FJ, Cross AM, Addison C, Preston VG. The products of herpes 
simplex virus type 1 gene UL26 which are involved in DNA packag- 
ing are strongly associated with empty but not with full capsids. J Gen 
Virol 1988;69:2879-2891. 

539. Rixon FJ, Davison MD, Davison AJ. Identification of the genes en- 
coding two capsid proteins of herpes simplex virus type 1 by direct 
amino acid sequencing. J Gen Virol 1990;71:1211-1214. 

540. Rixon FJ, McGeoch DJ. A 3' co-terminal family of mRNAs from the 
herpes simplex virus type 1 short region: two overlapping reading 
frames encode unrelated polypeptides one of which has a highly reit- 
erated amino acid sequence. Nucleic Acids Res 1984;12:2473-2487. 

541 . Roane PR Jr, Roizman B. Studies of the determinant antigens of viable 
cells. II. Demonstration of altered antigenic reactivity of HEp-2 cells 
infected with herpes simplex virus. Virology 1964;22:1-8. 

542. Roberts MS, Boundy A, O'Hare P, Pizzomo MC, Ciufo DM, Hayward 
GD. Direct correlation between a negative autoregulatory response el- 
ement at the cap site of the herpes simplex virus type 1 IE 1 75 (a4) pro- 
moter and a specific binding site for the IE1 75 (ICP4) protein. J Virol 
1988;62:4307-4320. 

543. Rock DL, Fraser NW. Latent herpes simplex virus type 1 DNA con- 
tains two copies of the virion DNA joint region. J Virol 1985; 
55:849-852. 

544. Rock DL, Fraser NW. Detection of HSV-1 genome in central nervous 
system of latently infected mice. Nature 1983;302:523-525. 

545. Rock DL, Nesburn AB, Ghiasi H, Ong J, Lewis TL, Lokensgard JR, 
Wechsler SL. Detection of latency-related viral RNAs in trigeminal 
ganglia of rabbits latently infected with herpes simplex virus type 1 . J 
Virol 1987;62:3820-3826. 

546. Rodahl E, Stevens JG. Differential accumulation of herpes simplex 
virus type 1 latency associated transcripts in sensory and autonomic 
ganglia. Virology 1992;189:385-388. 

547. Rodriguez-Boulan EJ, Pendergast M. Polarized distribution of viral en- 
velope glyocproteins in the plasma membrane of infected epithelial 
cells. Cell 1980;20:45-54. 

548. Rodriguez-Boulan E, Sabatini DD. Asymmetric budding of viruses in 
epithelia monolayers: a model system for study of epithelial polarity. 
Proc Natl Acad Sci USA 1978;75:5071-5075. 

549. Roizman B. The structure and isomerization of herpes simplex virus 
genomes. Cell 1979;16:481-494. 

550. Roizman B. The organization of the herpes simplex virus genomes. 
Annu Rev Genet 1979;13:25-57. 

551. Roizman B. An inquiry into the mechanisms of recurrent herpes in- 
fection of man. In: Pollard M, ed. Perspectives in virology J KNew 
York: Harper-Row; 1966:283-304. 

552. Roizman B. Polykaryocytes is. Cold Spring Harb Symp Quant Biol 
1962;27:327-340. 

553. Roizman B, Aurelian L, Roane PR Jr. The multiplication of herpes sim- 
plex virus. I. The programming of viral DNA duplication in HEp-2 
cells. Virology 1963;21:482-498. 

554. Roizman B, Borman GS, Kamali-Rousta M. Macromolecular synthesis 
in cells infected with herpes simplex virus. Nature 1965;206:1374-1375. 

555. Roizman B, Buchman TG. The molecular epidemiology of herpes sim- 
plex viruses. Hosp Pract 1979;14:95-104. 

556. Roizman B, Carmichael LE, Deinhardt F, de The G, Nahmias AJ, 
Plowright W, Rapp F, Sheldrick P, Takahashi M, Wolf K. Herpesviri- 
dae: definition, provisional nomenclature and taxonomy. Intervirolo- 
gy 1981;16:201-217. 

557. Roizman B, Furlong D. The replication of herpesviruses. In: Fraenkel- 



Herpes Simplex Viruses and Their Replication / 2291 



Conrat H, Wagner RR, eds. Comprehensive virology, vol. 3. New York: 
Plenum Press; 1974:229-403. 

558. Roizman B, Jenkins FJ. Genetic engineering of novel genomes of large 
DNA viruses. Science 1985;129:1208-1218. 

559. Roizman B, Kristie T, McKnight JLC, Michael N, Mavromara-Nazos 
P, Spector D. The trans-activation of herpes simplex virus gene ex- 
pression: comparison of two factors and their cis sites. Biochimie 
1988;70:1031-1043. 

560. Roizman B, Kristie T, Michael N, McKnight JLC, Mavromara-Nazos 
P, Spector D. The fmns-activation of viral gene expression in herpes 
simplex virus infected cells. In: De Palo G, Rilke F, zur Hausen H, 
eds. Herpes and papilloma viruses, their role in the carcinogenesis 
of the lower genital tract II. vol. 46. New York: Raven Press; 1988: 
21^0. 

561. Roizman B, Norrild B, Chan C, Pereira L. Identification of a herpes 
simplex virus 2 glycoprotein lacking a known type 1 counterpart. Vi- 
rology 1984;133:242-247. 

562. Roizman B, Roane PR Jr. Multiplication of herpes simplex virus. II. 
The relation between protein synthesis and the duplication of viral DNA 
in infected HEp-2 cells. Virology 1964;22:262-269. 

563. Roizman B, Roane PR Jr. Studies on the determinant antigens of vi- 
able cells. I. A method, and its application in tissue culture studies, for 
enumeration of killed cells, based on the failure of virus multiplication 
following injury by cytotoxic antibody and complement-/ Immunol 
1961;87:714-727. 

564. Roizman B, Roane PR Jr. A physical difference between two strains 
of herpes simplex virus apparent on sedimentation in cesium chloride. 
Virology 1961;15:75-79. 

565. Roizman B, Sears AE. Herpes simplex viruses and their replication. 
In: Fields BN, Knipe DM, Chanock RM, Hirsch MS, Melnick JL, 
Monath TP, Roizman B, eds. Virology. 2nd ed. New York: Raven Press; 
1990:1795-1841. 

566. Roizman B, Sears AE. An inquiry into the mechanism of herpes sim- 
plex virus latency. Annu Rev Microbiol 1987;41 : 543-571. 

567. Roizman B, Spear PG. Herpesvirus antigens on cell membranes de- 
tected by centrifugation of membrane-antibody complexes. Science 
1971;171:298-300. 

568. Roizman B, Spear PG. The role of herpesvirus glycoproteins in the 
modification of membranes of infected cells. Proceedings of the Miami 
Winter Symposia, January 18-22, 1971. In: Ribbons DW, Woessner 
JF, Schultz J, eds. Nucleic acid-protein interactions and nucleic acid 
synthesis in viral infection, vol. 2. Amsterdam: North Holland Pub- 
lishing; 1971:435^55. 

569. Roizman B, Spring SB. Alteration in immunologic specificity of cells 
infected with cytolytic viruses. In: Trentin JJ, ed. Proceedings of the 
Conference on Cross Reacting Antigens. Baltimore: Williams and 
Wilkins; 1967:85-96. 

570. Roizman B, Tognon M. Restriction endonuclease patterns of herpes 
simplex virus DNA: application to diagnosis and molecular epidemi- 
ology. Curr Top Microbiol Immunol 1983;104:275-286. 

571. Roller RJ, McCormick AL, Roizman B. Cellular proteins specifically 
bind single- and double-stranded DNA and RNA from the initiation 
site of a transcript which crosses the origin of DNA replication of her- 
pes simplex virus 1 . Proc Natl Acad Sci USA 1989;86:6518-6522. 

572. Roller RJ, Roizman B. A herpes simplex virus- 1 U s l 1 -expressing cell 
line is resistant to herpes simplex virus infection at a step in viral entry 
mediated by glycoprotein D. J Virol 1994;68:2830-2839. 

573. Roller RJ, Roizman B. The herpes simplex virus 1 RNA binding pro- 
tein U s l 1 is a virion component and associates with ribosomal 60S sub- 
units. J Virol 1992;66:3624-3632. 

574. Roller RJ, Roizman B. The herpes simplex virus 1 RNA binding pro- 
tein U s l 1 negatively regulates the accumulation of a truncated viral 
mRNA. J Virol 1991;65:5873-5879. 

575. Roop C, Hutchinson L, Johnson DC. A mutant herpes simplex virus 
type 1 unable to express glycoprotein 1 cannot enter cells, and its par- 
ticles lack glycoprotein H. J Virol 1993;67:2285-2297. 

576. Romanelli MG, Cattozzo EM, Faggioli L, Tognon M. Fine mapping 
and characterization of the syn 6 locus in the herpes simplex virus type 
1 genome. ./Ge/2 Virol 1991;72:1991-1995. 

577. Rosen A, Ernst F, Koch H-G, Gederblom H, Darai G, Hadar J, Tabor 
E, Ben-Hur T, Becker Y. Replacement of the deletion in the genome 
(0.762-0.789) of avirulent HSV-1 HFEM using cloned Mlul DNA frag- 
ment (0.761 5-0.796) of virulent HSV-1 F leads to generation of viru- 
lent intratypic recombinant. Virus Res 1986;5:157-175. 



578. Russell J, Preston CM. An in vitro latency system for herpes simplex 
virus type 2. J Gen Virol 1986;67:397^03. 

579. Ruyechan WT. N-ethylmaleimide inhibition of the DNA-binding ac- 
tivity of the herpes simplex virus type 1 major DNA-binding protein. 
J Virol 1988;62:810-817. 

580. Ruyechan WT. The major herpes simplex virus DNA-binding protein 
holds single-stranded DNA in an extended conformation. J Virol 
1983;46:661-666. 

58 1 . Ruyechan WT, Chytil A, Fisher CM. In vitro characterization of a ther- 
molabile herpes simplex virus DNA-binding protein. J Virol 
1986;59:31-36. 

582. Ruyechan WT, Morse LS, Knipe DM, Roizman B, Molecular genet- 
ics of herpes simplex virus. II. Mapping of the major viral glycopro-' 
teins and of the genetic loci specifying the social behavior of infected 
cells. J Virol 1979;29:677-697. 

583. Ruyechan WT, Weir AC. Interaction with nucleic acids and stimula- 
tion of the viral DNA polymerase by the herpes simplex virus type 1 
major DNA-binding protein. J Virol 1984;52:727-733. 

584. Sacks WR, Greene CC, Ashman DP, Schaffer PA. Herpes simplex 
virus type 1 ICP27 is an essential regulatory protein. J Virol 
1985;55:796-805. 

585. Sacks WR, Schaffer PA. Deletion mutants in the gene encoding the 
herpes simplex virus type I immediate-early protein ICP0 exhibit im- 
paired growth in cell culture. J Virol 1987;61:829-839. 

586. Sadowski I, Ma J, Triezenberg S, Ptashne M. GAL4-VP16 is an un- 
usually potent transcriptional activator. Nature 1988;335:563-564. 

587. Sakaoka H, Kurita K, Iida Y, Takada S, Umene K, Kim YT, Ren C-S, 
Nahmias AJ. Quantitative analsysis of genomic polymorphism of her- 
pes simplex virus type 1 from six countries: studies of molecular evo- 
lution and molecular epidemiology of the virus. J Gen Virol 1994; 
74:513-527. 

588. Sandri-Goldin. Properties of an HSV-1 regulatory protein that appears 
to impair host cell splicing. Infect Agents Dis 1994;3;59-67. 

589. Sandri-Goldin RM, Sekulovich RE, Leary K. The alpha protein ICP0 
does not appear to play a major role in the regulation of herpes sim- 
plex virus gene expression during infection in tissue culture. Nucleic 
Acids Res 1987;15:905-919. 

590. Sarmiento M, HafTey M, Spear PG. Membrane proteins specified by 
herpes simplex viruses. III. Role of glycoprotein VP7(B2) in virion in- 
fectivity. J Virol 1979;29:1 149-1 158. 

59 1 . Sarmiento M, Spear PG. Membrane proteins specified by herpes sim- 
plex virus. IV. Conformation of the virion glycoprotein designated VP7 
(B2). J Virol 1979;29: 1 159-1 167. 

592. Sawtell NM, Thompson RL. Rapid in vivo reactivation of herpes sim- 
plex virus in latently infected murine ganglionic neurons after transient 
hypothermia. J Virol 1992;66:2150-2156. 

593. Sawtell NM, Thompson RL. Herpes simplex virus type 1 latency as- 
sociated transcription unit promotes anatomical site-dependent estab- 
lishment and reactivation from latency. J Virol 1992;66:2157-2169. 

594. Scheidereit C, Heguy A, Roeder RG. Identification and purification of 
a human lymphoid-specific octamer-binding protein (OTF-2) that ac- 
tivates transcription of an immunoglobulin promoter in vivo. Cell 
1987;51:783-793. 

595. Schek N, Bachenheimer SL. Degradation of cellular mRNAs induced 
by a virion-associated factor during herpes simplex virus infection of 
Vero cells. J Virol 1985;55:601-610. 

596. Schmid DS, Rouse BT. The role of T cell immunity in control of her- 
pes simplex virus. In: Rouse BT, ed. Herpes simplex virus: patho- 
gesis, immunobiology, and control. Berlin: Springer- Verlag; 
1992:57-74. 

597. Schneweiss KE. Serologische Untersuchungen zur Typendifferen- 
zierungdes Herpesvirus hominis. Z Immuno-Forsch 1962;124:24-28. 

598. Schrag JD, Prasad BVV, Rixon RJ, Chiu W. Three dimensional struc- 
ture of the HSV-1 nucleocapsid. Cell 1989;56:651-660. 

599. Schroder CH, Stegmann B, Lauppe HF, Kaerner HC. An universal de- 
fective genotype derived from herpes simplex virus strain ANG. In- 
tervirology 1975/76;6:270-284. 

600. Schwartz J, Roizman B. Similarities and differences in the develop- 
ment of laboratory strains of herpes simplex virus in HEp-2 cells: elec- 
tron microscopy. J Virol 1969;4:879-889. 

601 . Schwartz J, Roizman B. Concerning the egress of herpes simplex virus 
from infected cells: electron and light microscope observations. Virol- 
ogy 1969;38:42-49. 

602. Scott TF, Burgoon CF, Coriell LL, Blank M. The growth curve of the 



2292 / Chapter 72 



virus of herpes simplex in rabbit corneal cells grown in tissue culture 
with parallel observations on the development of the intranuclear in- 
clusion body. J Immunol 1953;71:385-396. 

603. Sears AE, Halliburton IW, Meignier B, Silver S, Roizman B. Herpes 
simplex virus 1 mutant deleted in the all gene: growth and gene ex- 
pression in permissive and restrictive cells and establishment of laten- 
cy in mice. J Virol 1985;55:338-346. 

604. Sears AE, Hukkanen V, Labow MA, Levine AJ, Roizman B. Expres- 
sion of the herpes simplex virus 1 atransinducing factor (VP 16) does 
not induce reactivation of latent virus or prevent the establishment of 
latency in mice. J Virol 1991;65:2929-2935. 

605. Sears AE, McGwire BS, Roizman B. Infection of polarized MDCK 
cells with herpes simplex virus 1 : two asymmetrically distributed cell 
receptors interact with different viral proteins. Proc Natl Acad Sci USA 
1991;88:5087-5091. 

606. Sears AE, Meignier B, Roizman B. Establishment of latency in mice 
by herpes simplex virus 1 recombinants carrying insertions affecting 
the regulation of the thymidine kinase gene. J Virol 1985;55:410-416. 

607. Sears AE, Roizman B. Amplification by host factors of a sequence con- 
tained within the herpes simplex virus 1 genome. Proc Natl Acad Sci 
USA 1990;87:9441-9445. 

608. Sederati F, Izumi KM, Wagner EK, Stevens JG. Herpes simplex virus 
type 1 latency associated transcription plays no role in establishment 
or maintenance of a latent infection in murine sensory neurons. J Virol 
1989;63:4455^1458. 

609. Sedarati F, Margolis TP, and Stevens JG. Latent infection can be es- 
tablished with drastically restricted transcription and replication of the 
HSV-1 genome. Virology 1993;192:687-691. 

610. Seidel-Dugan C, Ponce de Leon M, Friedman HM, Fries LF, Frank 
MM, Cohen GH, Eisenberg RJ. C3b receptor activity on transfected 
cells expressing glycoprotein C of herpes simplex types 1 and 2. J Virol 
1988;62:4027^036. 

61 1. Serafini-Cessi F, DaH'Olio F, Scannavini M, Campadelli-Fiume G. 
Processing of herpes simplex virus 1 glycans in cells defective in gly- 
cosyl transferase of the Golgi system: relationship to cell fusion and 
virion egress. Virology 1983;131:59-70. 

612. Shao L, Rapp LM, Weller SK. Herpes simplex virus 1 alkaline nucle- 
ase is required for efficient egress of capsids from the nucleus. Virol- 
ogy 1993;196:146-162. 

613. Shapira M, Homa FL, GLorioso JC, Levine M. Reguiaton of the her- 
pes simplex virus type 1 late (gamma 2) glycoprotein C gene: sequences 
between base pairs "34 to "29 control transient expression and respon- 
siveness to transactivation by the products of the immediate early (alpha) 
4 and 0 genes. Nucleic Acids Res 1 987;5:3097-3 111. 

614. Sharp JA, Wagner MJ, Summers WC. Transcription of herpes simplex 
virus gene in vivo: overlap of a late promoter with the 3' end of the 
early thymidine kinase gene. J Virol 1983;45:10-1 7. 

615. Sheldrick P, Berthelot N. Inverted repetitions in the chromosome of 
herpes simplex virus. Cold Spring Harb Symp Quant Biol 1975; 
39:667-678. 

616. Sheldrick P, Laithier M, Larria D, Ryhinder ML. Infectious DNA from 
herpes simplex virus: infectivity of double and single-stranded mole- 
cules. Proc Natl Acad Sci USA 1973;70:3621-3625. 

617. Shepard AA, Imbalzano AN, DeLuca NA. Separation of primary struc- 
tural components conferring autoregulation, transactivation, and DNA- 
binding properties to the herpes simplex virus transcriptional regula- 
tory protein ICP4.7 Virol 1989;63:3714-3728. 

618. Sherman G, Bachenheimer SL. Characterization of intranuclear cap- 
sids made by ts morphogenic mutants of HSV-1. Virology 1988; 
163:471^80. 

619. Sherman G, Bachenheimer SL. DNA processing in temperature sensi- 
tive morphogenic mutants of HSV-1. Virology 1987; 158:427^*30. 

620. Shida H, Dales S. Biogenesis of vaccinia: carbohydrate of the hemag- 
glutinin molecule. Virology 1 98 1 ; 1 1 1 :56-76. 

621. Shieh MT, Spear PG. Fibroblast growth factor receptor: does it have 
a role in the binding of herpes simplex virus? Science 1991 ;253: 
208-210. 

622. Shieh MT, WuDunn D, Montgomery RI, Esko JD, Spear PG. Cell sur- 
face receptors for herpes simplex virus are heparan sulfate proteogly- 
cans. J Cell Biol 1 992; 1 1 6: 1 273- 1 28 1 . 

623. Shimomura Y, Gangarosa LP, Kataoka M, Hill JM. HSV-1 shedding 
by iontophoresis of 6-hydroxydopamine followed by topical epineph- 
rine. Invest Ophthalmol Vis Sci 1983;24:1588-1594. 

624. Shipkey FH, Erlandson RA, Bailey RB, Babcock VI, Southam CM. 



Virus biographies. II. Growth of herpes simplex virus in tissue culture 
Exp Mol Pathol 1 967:6:39-67. 

625. Silver S, Roizman B. 7 2 -thymidine kinase chimeras are identically tran- 
scribed but regulated as y 2 genes in herpes simplex virus genomes and 
as b genes in cell genomes. Mol Cell Biol 1985;5:518-528. 

626. Silverstein S, Bachenheimer SL, Frenkel N, Roizman B. Relationship 
between post-transcriptional adenylation of herpes virus RNA and mes- 
senger RNA abundance. Proc Natl Acad Sci USA 1973;70:2101-2105. 

627. Silverstein S, Engelhardt EL. Alterations in the protein synthetic ap- 
paraturs of cells infected with herpes simplex virus. Virology 1979* 
95:324-342. 

628. Silverstein S, Millette R, Jones P, Roizman B. RNA synthesis in cells 
infected with herpes simplex virus. XII. Sequence complexity and prop- 
erties of RNA differing in extent of adenylation. J Virol 1976; 
18:977-991. 

629. Simmons A, Slobedman B, Arthur J, Efstathiou S. Two patterns of per- 
sistence of herpes simplex virus DNA sequences in the nervous sys- 
tem oflatently infected mice. J Gen Virol 1992;73:1287-1291. 

630. Smibert CA, Popova B, Xiao P, Capone JP, Smiley JR. Herpes sim- 
plex virus VP 16 forms a complex with the virion host shutoff protein 
vhs. J Virol 1994;68:2339-2346. 

63 1 . Smiley JR, Johnson DC, Pizer LI, Everett RD. The ICP4 binding sites 
in the herpes simplex virus type 1 glycoprotein D (gD) promoter are 
not essential for efficient gD transcription during virus infection. J Virol 
1992;66:623-631. 

632. Smith CA, Bates P, Rivera-Gonzales R, Gu B, DeLuca NA. ICP4, the 
major transcriptional regulatory protein of herpes simplex virus type 1 
forms a tripartite complex with TATA-binding protein and TFIIB. J 
Virol 1993;67:4676-4687. 

633. Smith CA, Marchetti ME, Edmonsin P, Schaffer PA. Herpes simplex 
virus type 2 mutants with deletions in the intergenic region between 
ICP4 and ICP22/47: identification of nonessential c/s-acting elements 
in the context of the viral genome. J Virol 1989;63:2036-2047. 

634. Smith CA, Schaffer PA. Mutants defective in herpes simplex virus type 
2 ICP4: isolation and preliminary characterization. J Virol 1987; 
61:1092-1097. 

635. Smith IL, Hardwicke MA, Sandri-Goldin RM. Evidence that the her-, 
pes simplex virus immediate early protein ICP27 acts post-transcrip- 
tional ly during infection to regulate gene expression. Virology 1992; 
186:74-85. 

636. Smith RF, Smith TF. Identification of new protein kinase-related genes 
in three herpesviruses, herpes simplex virus, varicella-zoster virus, and 
Epstein-Ban- virus. J Virol 1989;63:450-455. 

637. Sodora DL, Cohen GH, Muggeridge Ml, Eisenberg RJ. Absence of as- 
paragine-1 inked oligosaccharides from glycoprotein D of herpes sim- 
plex virus type 1 results in structurally altered but biologically active 
protein. J Virol 1 99 1 ;65 :4424-443 1 . 

638. Spaete RR, Frenkel N. The herpes simplex virus amplicon: analysis of 
cis-acting replicaiton functions. Proc Natl Acad Sci USA 1985* 
82:694-698. 

639. Spear PG. Antigenic structure of herpes simplex viruses. In: van Re- 
genmortel MHV, Neurath AR, eds. Immunochemistry of viruses. The 
basis for serodiagnosis and vaccines. Amsterdam: Elsevier Science 
Publishers; 1985:425-446. 

640. Spear PG. Glycoproteins specified by herpes simplex viruses. In: Roiz- 
man B, ed. The herpesviruses, vol. 3. New York: Plenum Press* 
1985:315-356. 

641. Spear PG. Membrane proteins specified by herpes simplex virus. I. 
Identification of four glycoprotein precursors and their products in type 
1-infected cells. J Virol 1976;17:991-1008. 

642. Spear PG, Keller JM, Roizman B. The proteins specified by herpes 
simplex virus. II. Viral glycoproteins associated with cellular mem- 
branes. J Virol I970;5: 1 23-1 3 1 . 

643. Spear PG, Roizman B. Proteins specified by herpes simplex virus. V. 
Purification and structural proteins of the herpes virion. J Virol 
1972;9:143-159. 

644. Spear PG, Roizman B. Buoyant density of herpes simplex virus in so- 
lutions of cesium chloride. Nature 1967;214:713-714. 

645. Speck PG, Simmons A. Synchronous appearance of antigen-positive 
and latently infected neurons in spinal ganglia of mice infected with a 
virulent strain of herpes simplex virus. J Gen Virol 1992;73:1281-1285. 

646. Speck PG, Simmons A. Divergent molecular pathways of productive 
and latent infection with a virulent strain of herpes simplex virus type 
I. J Virol 1991;65:4001-4005. 



Herpes Simplex Viruses and Their Replication / 2293 



647. Spector D, Purves F, Roizman B. Role of a-transinducing factor (VP1 6) 
in the induction of a genes within the context of viral genomes. J Virol 
1991;65:3504-3513. 

648. Spector D, Purves F, Roizman B. Mutational analysis of the promoter 
region of the all gene of herpes simplex virus 1 within the context of 
the viral genome. Proc Natl Acad Sci USA 1990;87:5268-5272. 

649. Spiro RG, Spiro MJ. Studies on the synthesis and processing of the as- 
paragine linked carbohydrate units of glycoproteins. Philos Trans R 
Soc bond B Biol Sci 1 982;300: 117-127. 

650. Stackpole CW. Herpes-type virus of the frog renal adenocarcinoma. I. 
Virus development in tumor transplants maintained at low tempera- 
ture. J Virol 1969;4:75-93. 

651. Stanberry LR, Kern ER, Richards JT, Abort TH, Overall JC. Genital 
herpes in guinea pigs: pathogenesis of the primary infection and de- 
scription of recurrent disease. J Infect Dis 1982;146:397-404. 

652. Stanberry LR, Kit S, Myers MG. Thymidine kinase-deficient herpes 
simplex virus type 2 genital infection in guinea pigs. J Virol 
1985;55:322-328. 

653. Stannard LM, Fuller AO, Spear PG. Herpes simplex virus glycopro- 
teins associated with different morphological entities projecting from 
the virion envelope. J Gen Virol 1987;68:7 1 5-725. 

654. Staskus KA, Couch L, Bitterman P, Retzel EF, Zupancic M, List J, 
Haase AT. In situ amplification of visna virus DNA in tissue sections 
reveals a reservoir of latently infected cells. Microb Pathog 1991; 
11:67-76. 

655. Staudt LM, Singh H, Sen R, Wirth T, Sharp PA, Baltimore D. A lym- 
phoid-specific protein binding to the octamer motif of immunoglobu- 
lin genes. Nature 1986;323:640-643. 

656. Steffy KR, Weir JP. Mutational analysis of two herpes simplex virus 
type 1 late promoters. J Virol 1991;65:6454-6460. 

657. Steiner I, Spivack JG, Deshmane SL, Ace CI, Preston CM, Fraser NW. 
A herpes simplex virus type 1 mutant containing a nontransinducing 
Vmw65 protein establishes latent infection in vivo in the absence of 
viral replication and reactivates efficiently from explanted trigeminal 
ganglia. J Virol 1990;64:1630-1638. 

658. Steiner I, Spivack JG, Lirette RP, Brown SM, MacLean AR, Subak- 
Sharpe JH, Fraser NW. Herpes simplex virus type 1 latency associat- 
ed transcripts are evidently not essential for latent infection. EM BO J 
1989;8:505-511. 

659. Steiner 1, Spivack JG, O' Boyle DR, Lavi E, Fraser NW. Latent herpes 
simplex virus type 1 transcription in human trigeminal ganglia. J Virol 
1988;62:3493-3496. 

660. Stem S, Herr W. The herpes simplex virus trans-activator VP 16 rec- 
ognizes the Oct-1 homeo domain: evidence for a homeo domain recog- 
nition subdomain. Genes Dev 1991;5:2555-2566. 

661. Stern S, Tanaka M, Herr W. The Oct-1 homeodomain directs forma- 
tion of a multiprotein-DNA complex with the HSV transactivator VP 16. 
Nature 1989;341:624-630. 

662. Stevens JG, Cook ML. Latent herpes simplex virus in spinal ganglia 
of mice. Science 1971;173:843-845. 

663. Stevens JG, Haarr L, Porter DD, Cook ML, Wagner EK. Prominence 
of the herpes simplex virus latency-associated transcript in trigeminal 
ganglia from seropositive humans. J Infect Dis 1988; 158:1 17-123. 

664. Stevens JG, Wagner EK, Devi-Rao GB, Cook ML, Feldman LT. RNA 
complementary to a herpesvirus a gene mRNA is prominent in latent- 
ly infected neurons. Science 1987;235:1056-1059. 

665. Stow ND. Localization of an origin of DNA replication within the 
TRs/IRs repeated region of the herpes simplex virus type 1 genome. 
EMBOJ 1982;1:863-867. 

666. Stow ND, McMonagle EC. Characterization of the TRs/IRs origin of 
DNA replication of herpes simplex virus type 1. Virology 
1983;130:427-438. 

667. Stow ND, Stow EC. Isolation and characterization of a herpes simplex 
virus type 1 mutant containing a deletion within the gene encoding the 
immediate early polypeptide VmwllO. J Gen Virol 1986;67:2571-2585. 

668. Stringer J, Holland JL, Swanstrom R, Pivo K, Wagner E. Quantitation 
of herpes simplex virus type 1 RNA in infected HeLa cells. J Virol 
1977;21:889-901. 

669. Stringer KF, Ingles CJ, Greenblatt J. Direct and selective binding of 
an acidic transcriptional activation domain to the TATA-box factor 
TFIID. Nature 1990;345:783-786. 

670. Strom T, Frenkel N. Effects of herpes simplex virus on mRNA stabil- 
ity. J Virol 1987;61:2198-2207. 

671. Sturm R, Baumruker T, Franza BR Jr, Herr W. A 100-kD HeLa cell 



octamer binding protein (OBP100) interacts differently with two sep- 
arate oc tamer-related sequences within the SV40 enhancer. Genes DeV- *■ 
1987;1:1147-1160. 

672. Sturm R, Das G, Herr W. The ubiquitous octamer binding protein Oct- 
1 contains a POU domain with a homeobox subdomain. Genes Dev 
1988;2:1582-1599. 

673. Sturm RA, Herr W. The POU domain is a bipartite DNA-binding struc- 
ture. Nature 1988;336:601-604. 

674. Summers WP, Wagner M, Summers WC. Possible peptide chain ter- 
mination mutants in thymidine kinase gene of a mammalian virus, her- 
pes simplex virus. Proc Natl Acad Sci USA 1975;72:4081-4084. 

675. Sydiskis RJ, Roizman B. The sedimentation profiles of cytoplasmic 
polyribosomes in mammalian cells productively and abortively infected 
with herpes simplex virus. Virology 1968;34:562-565. 

676. Sydiskis RJ, Roizman B. The disaggregation of host polyribosomes in 
productive and abortive infection with herpes simplex vims. Virology 
1966;32:678-686. 

677. Sydiskis RJ, Roizman B. Polysomes and protein synthesis in cells in- 
fected with a DNA virus. Science 1966;153:76-78. 

678. Szilagyi JF, Cunningham C. Identification and characterization of a 
novel non-infectious herpes simplex virus-related particle. J Gen Virol 
1991;72:661-668. 

679. Szostak JK, Orr-Weavwe TL, Rothstein RJ, Stahl FW. The double- 
strand-break repair model for recombination. Cell 1983;33:25-35. 

680. Tabas 1, Schlesinger S, Kornfeld S. Processing of high mannose 
oligosaccharides to form complex type oligosaccharides on the newly 
synthesized polypeptides of the vesicular stomatitis virus G protein and 
IgG heavy chain. JBiolChem 1978;253:716-722. " 

68 1 . Taha MY, Clements GB, Brown SM. A variant of herpes simplex virus 
type 2 strain HG52 with a 1.5 Kb deletion in R L between 0 to 0.02 and 
0.81 to 0.83 map units is non-neurovirulent in mice. J Gen Virol 
1989;70:705-716. 

682. Taha MY, Clements GB, Brown SM. The herpes simplex virus type 2 
(HG52) variant JH2604 has a 1488 bp deletion which eliminates neu- 
rovirulence in mice. J Gen Virol 1989;70:3073-3078. 

683. Tankersley RW. Amino acid requirements of herpes simplex virus in 
human cells. J Bacteriol 1964;87:609-613. 

684. Tedder DG, Everett RD, Wilcox KW, Beard P, Pizer LI. ICP4 binding 
sites in the promoter and coding regions of the herpes simplex virus 
gD gene contribute to activation of in vitro transcription by ICP4. J 
Virol 1989;63:2510-2520. 

685. Tedder DG, Pizer LI. Role for DNA-protein interaction in activation 
of the herpes simplex virus glycoprotein D gene. J Virol 
1988;62:4661-4672. 

686. Tengelsen LA, Pederson NE, Shaver PR, Wathen MW, Homa FL. Her- 
pes simplex virus type 1 cleavage and encapsidation require the prod- 
uct of the U L 28 gene; isolation and characterization of two U L 28 dele- 
tion mutants. J Virol 1993;67:3470-3480. 

687. Tenser RB, Dunston ME. Herpes simplex virus thymidine kinase ex- 
pression in infection of the trigeminal ganglion. Virology 
1979;99:417-422. 

688. Tenser RB, Hay KA, Edris WA. Latency associated transcript but not 
reactivatible virus is present in sensory ganglion neurons after inocu- 
lation of thymidine kinase negative mutants of herpes simplex virus 
type 1. J Virol 1989;63:2861-2865. 

689. Thompson RL, Cook ML, Devi-Rao GB, Wagner EK, Stevens JG. 
Functional and molecular analyses of the avirulent wild-type herpes 
simplex virus type 1 strain KOS. J Virol 1986;51:203-21 1. 

690. Thompson RL, Devi-Rao GV, Stevens JG, Wagner EK. Rescue of a 
herpes simplex virus type 1 neuro virulence function with a cloned DNA 
fragment. J Virol 1985;55:504-508. 

691 . Thomsen DR, Roof LI, Homa FL. Assembly of herpes simplex virus 
(HSV) intermediate capsids in insect cells infected with recombinant 
baculoviruses expressing capsid proteins. J Virol 1994;68:2442-2457. 

692. Tognon M, Cassai E, Rotola A, Roizman B. The heterogeneous regions 
in herpes simplex virus 1 DNA. Microbiologica 1983;6:191-198. 

693. Tognon M, Furlong D, Conley AJ, Roizman B. Molecular genetics of 
herpes simplex virus. V. Characterization of a mutant defective in abil- 
ity to form plaques at low temperatures and in a viral function which 
prevents accumulation of coreless capsids at nuclear pores late in in- 
fection. J Virol 1 98 1 ;40:870-880. 

694. Triezenberg SJ, Kingsbury RC, McKnight SL. Functional dissection 
of VP 16, the trans-activator of herpes simplex virus immediate early 
gene expression. Genes Dev 1988;2:718-729. 



2294 / Chapter 72 



695. Triezenberg SJ, LaMarco KL, McKnight SL. Evidence of DN A pro- 
tein interactions that mediate HSV-l immediate early gene activation 
by VP16. Genes 1988;2:730-742. 

696. Trousdale MD, Steiner I, Spivack JG, Deshmane SL, Brown SM, 
MacLean AR, Subak-Sharpe, JH, Fraser NW. In vivo and in vitro re- 
activation impairment of a herpes simplex virus type 1 latency asso- 
ciated transcript variant in a rabbit eye model. J Virol 1991; 
65:6989-6993. 

697. Tullo AB, Shimeld C, Blyth WA, Hill TJ, Easty DL. Ocular infection 
with HSV in non-immune and immune mice. Arch Ophthalmol 
1983;101:961-964. 

698. Tullo AB, Shimeld C, Blyth WA, Hill TJ, Easty DL. Spread of virus 
and distribution of latent infection following ocular herpes simplex in 
the non-immune and immune mouse. J Gen Virol 1982;63:95-101. 

699. Valyi-Nagy T, Deshmane S, Dillner A, Fraser NW. Induction of cel- 
lular transcription factors in trigeminal ganglia of mice by corneal scar- 
ification, herpes simplex virus type 1 infection, and explanation of 
trigeminal ganglia. J Virol 1991;65:4142-4152. 

700. van Genderen IL, Bradimarti R, Torrisi MR, Campadelli G, van Meer 
G. The phospholipid composition of extracellular herpes simplex viri- 
ons differs from that of host cell nuclei. Virology 1994;200:831-832. 

701. Varmuza SL, Smiley JR. Signals for site-specific cleavage of herpes 
simplex virus DNA: maturation involves two separate cleavage events 
at sites distal to the recognition site. Cell 1985;41 :792-802. 

702. Vaughan PJ, Thibault KJ, Hardwicke MA, Sandri-Goldin RM. The 
herpes simplex virus immediate early protein ICP27 encodes a poten- 
tial metal binding domain and binds zinc in vitro. Virology 
1992;189:377-384. 

703. Vernon SK, Ponce de Leon M, Cohen GH, Eisenberg RJ, Rubins BA. 
Morphological components of herpesvirus. III. Localization of herpes 
simplex virus type 1 nucleocapsid polypeptides by immune electron 
microscopy. J Gen Virol 1981;54:39-46. 

704. Vlazny DA, Frenkel N. Replication of herpes simplex virus DNA: lo- 
cation of replication recognition signals within defective virus genomes. 
Proc Natl Acad Sci US A 1 98 1 ;78:742-746. 

705. Vlazny DA, Kwong A, Frenkel N. Site specific cleavage packaging of 
herpes simplex virus DNA and the selective maturation of nucleocap- 
sids containing full length viral DNA. Proc Natl Acad Sci USA 1982; 
79:1423-1427. 

706. Wadsworth S, Jacob RJ, Roizman B. Anatomy of herpes simplex virus 
DNA. II. Size, composition, and arrangement of inverted terminal rep- 
etitions. J Virol 1975;15:1487-1497. 

707. Wagner EK. Individual HSV transcripts: characterization of specific 
genes. In: Roizman B, ed. The herpesviruses, vol. 3. New York: Plenum 
Press; 1985:45-104. 

708. Wagner EK, Flanagan M, Devi-Rao G, Zhang Y-F, Hill JM, Ander- 
son KP, Stevens JG. The herpes simplex virus latency-associated tran- 
script is spliced during the latent phase of infection. J Virol 1988; 
62:4577-4585. 

709. Wagner EK, Roizman B. RNA synthesis in cells infected with herpes 
simplex virus. I. The patterns of RNA synthesis in productively in- 
fected cells. J Virol 1969;4:36-46. 

7 1 0. Wagner HM, Summers WC. Structure of the joint region and the ter- 
mini of the DNA of herpes simplex virus type 1. J Virol 1978; 
27:374-387. 

711. Walz MA, Yamamoto H, Notkins AL. Immunologic response restricts 
the number of cells in sensory ganglia infected with herpes simplex. 
Nature 1976;264:554-556. 

712. Ward PL, Campadelli-Fiume G, Avitabile E, Roizman B. The local- 
ization and putative function of the U L 20 membrane protein in cells in- 
fected with herpes simplex virus 1 . J Virol 1 994 ;68: 7406-701 1 . 

713. Watson RJ, Clements JB. A herpes simplex virus type 1 function con- 
tinuously required for early and late virus RNA synthesis. Nature 
1980;285:329-330. 

714. Watson RJ, Sullivan M, Vande Woude GF. Structures of two spliced 
herpes simplex virus type 1 immediate-early mRNA's which map at 
the junctions of the unique and reiterated regions of the virus DNA S 
component. J Virol 198 1;37 431^44. 

715. Watson RJ, Vande Woude GF. DNA sequence of an immediate-early 
gene (IE mRNA-5) of herpes simplex virus 1. Nucleic Acids Res 
1982;10:979-991. 

716. Watson RJ, Weis JH, Salstrom JS, Enquist LW. Herpes simplex virus 
type 1 glycoprotein D gene: nucleotide sequence and expression in Es- 
cherichia coli Science 1982;218:381-383. 

717. Weber PC, Challberg MD, Nelson NJ, Levine J, Glorioso JC. Inver- 



sion events in the HSV-l genome are directly mediated by the viral 
DNA replication machinery and lack sequence specificity. Ce//** * 
1988;54:369-381. 

718. Weber PC, Levine M, Glorioso JC. Rapid identification of nonessen- 
tial genes of herpes simplex virus type 1 by Tn5 mutagenesis. Science 
1987;236:576-579. 

719. Wechsler SL, Nesbum A, Watson R, Slanina SM, Ghiasi H. Fine map- 
ping of the latency-related gene of herpes simplex virus type 1: alter- 
native splicing produces distinct latency-related RNAs containing open 
reading frames. / Virol 1 988 ;62:405 1^058. 

720. Weinheimer SP, Boyd BA, Durham SK, Resnick JL, O'Boyle II DR. 
Deletion of the VP16 open reading frame of herpes simplex virus type 
\. J Virol 1992;66:258-269. 

72 1 . Weinheimer SP, McKnight SL. Transcriptional and post-transcriptional 
controls establish the cascade of herpes simplex virus protein synthe- 
sis. J Mol Biol 1987;195:819-833. 

722. Weir JP, Narayanan PR. The use of B-gaiactosidase as a marker gene 
to define the regulatory sequences of the herpes simplex virus type 1 
glycoprotein C in recombinant herpesvirus. Nucleic Acids Res 1988; 
16:10267-10282. 

723. Weller SK, Aschman DP, Sacks WR, Coen DM, Schaffer PA. Genet- 
ic analysis of temperature sensitive mutants of HSV-l: the combined 
use of complementation and physical mapping for cistron assignment. 
Virology 1983;130:290-305. 

724. Weller SK, Seghatoleslami RM, Shao L, Rowse D, Charmichael EP. 
The herpes simplex virus type 1 alkaline nuclease is not essential for 
viral DNA synthesis: isolation and characterization of a lacZ insertion 
mutant J Gen Virol 1990;71:2941-2952. 

725. Weller SK, Spadoro A, Schaffer JE, Murray AW, Maxam AM, Schaf- 
fer PA. Cloning, sequencing, and functional analysis of oriL, a herpes 
simplex virus type 1 origin of DNA synthesis. Mol Cell Biol 1985; 
5:930-942. 

726. Whealy ME, Card JP, Meade RP, Robbins AK, Enquist LW. Effect of 
brefeldin A on alpha herpesvirus membrane protein glycosylation and 
virus egress. J Virol 1991;65:1066-1081. 

727. Whitley RJ. Epidemiology of herpes simplex viruses. In: Roizman B, 
ed. The herpesviruses, vol. 3. New York: Plenum Press; 1985:1^4. 

728. Whitley RJ, Kern E, Chattopadhay S, Chou J, Roizman B. Replication, 
establishment of latency, and induced reactivation of herpes simplex 
virus 7,34.5 deletion mutants in rodent models. J Clin Invest 1993; 
91:2837-2843. 

729. Wigdahl BL, Isom HC, deClerq E, Rapp F. Activation of herpes sim- 
plex virus (HSV) type 1 genome by temperature sensitive mutants of 
HSV type 2. Virology 1982;1 16:468-479. 

730. Wigdahl BL, Isom HC, Rapp F. Repression and activation of the 
genome of herpes simplex viruses in human cells. Proc Natl Acad Sci 
USA 1981;78:6522-6526. 

731. Wigdahl BL, Scheck AC, De Clerq E, Rapp F. High efficiency laten- 
cy and reactivation of herpes simplex virus in human cells. Science 
1982;217:1145-1146. 

732. Wigdahl BL, Scheck AC, Ziegler RJ, De Clercq E, Rapp F. Analysis 
of the herpes simplex virus genome during in vitro latency in human 
diploid fibroblasts and rat sensory neurons. J Virol 1984;49:205-213. 

733. Wigdahl BL, Ziegler RJ, Sneve M, Rapp F. Herpes simplex virus la- 
tency and reactivation in isolated rat sensory neurons. Virology 
1983;127:159-167. 

734. Wilcox CL, Johnson EM Jr. Nerve growth factor deprivation results in 
the reactivation of latent herpes simplex virus in vitro. J Virol 
1987;61:2311-2315. 

735. Wilcox KW, Kohn A, Sklyanskaya E, Roizman B. Herpes simplex virus 
phosphoproteins. I. Phosphate cycles on and off some viral polypep- 
tides and can alter their affinity for DNA. J Virol 1980;33: 167-1 82. 

736. Wilkie NM. The synthesis and substructure of herpesvirus DNA: the 
distribution of alkali labile single strand interruptions in HSV-l DNA. 
J Gen Virol 1973;21:453-467. 

737. Williams MV, Parris DS. Characterization of a herpes simplex virus 
type 2 deoxyuridine triphosphate nucleotidohydrolase and mapping of 
a gene conferring type specificity for the enzyme. Virology 1987; 
156:282-292. 

738. Wilson AC, LaMarco K, Peterson MG, Herr W. The VP 16 accessory 
protein HCF is a family of polypeptides processed from a large pre- 
cursor protein. Cell 1993;74:115-125. 

739. Wohlenberg CR; Walz MA, Notkins AL. Efficacy of phosphonoacetic 
acid on herpes simplex virus infection of sensory ganglia. Infect Immun 
1976;13:1519-1521. 



Herpes Simplex Viruses and Their Replication / 2295 



740. Wohlrab F, Francke B. Deoxypyrimidine triphosphatase activity spe- 
cific for cells infected with herpes simplex virus type 1 . Proc Natl Acad 
SciUSA 1980;77:1872-1876. 

741. Wohltrab F, Chatterjee S, Wells RD. The herpes simplex virus 1 seg- 
ment inversion site is specifically cleaved by a virus-induced nuclear 
endonuclease. Proc Natl Acad Sci USA 1991;88:6432-6436. 

742. Wolf H, Roizman B. The regulation of (structural) polypeptide syn- 
thesis in herpes simplex virus types 1 and 2 infected cells. In: de-The 
G, et al., eds. Oncogenesis and herpesviruses III. Lyon: International 
Agency for Research on Cancer; 1978:327. 

743. Wolf K, Darlington RW. Channel catfish virus: a new herpesvirus of 
ictalurid fish. J Virol 1971;8:525-533. 

744. Worrad DM, Caradonna S. Identification of the coding sequence for her- 
pes simplex virus uracil-DNA glycosylase. J Virol 1988;62:4774-4777. 

745. Wu CA, Nelson NJ, McGeoch DJ, Chaliberg MD. Identification of her- 
pes simplex virus type 1 genes required for origin-dependent DNA syn- 
thesis. J Virol 1988;62:435-443. 

746. Wu CL, Wilcox KW. Codons 262 to 490 from the herpes simplex virus 
ICP4 gene are sufficient to encode a sequence-specific DNA binding 
protein. Nucleic Acids Res 1990;18:531-538. 

747. Wudunn D, Spear PG. Initial interaction of herpes simplex virus with 
cells is binding to heparan sulfate. J Virol 1989;63:52-58. 

748. Yamamoto S, Kabuta H. Genetic analysis of polykaryocytosis by her- 
pes simplex virus. III. Complementation and recombination between 
non-fusing mutants and construction of a linkage map with regard to 
the fusion function. Kurume Med J 1977;24: 163. 

749. Yao F, Courtney R. A major transcriptional regulatory protein (ICP4) 
of herpes simplex virus type 1 is associated with purified virions. J 
Virol 1989;63:3338-3344. 

750. Yao F, Courtney RJ. Association of ICPO but not of ICP27 with puri- 



fied virions of herpes simplex virus type I. J Virol 1992;66:2709-27 16. 

751. Yeh L, Schaffer PA. A novel class of transcripts expressed with late^ 
kinetics in the absence of ICP4 spans the junction between the long 
and short segments of the herpes simplex virus type 1 genome. J Virol 
1993;67:7373-7382. 

752. Yei S, Chowdhury SI, Bhat BM, Conley AJ, Wold WSM, Batterson 
W. Identification and characterization of the herpes simplex virus type 
2 gene encoding the essential capsid protein ICP32/VP19c. J Virol 
1990;64:1124-1134. 

753. York I, Johnson DC. Direct contact with herpes simplex virus-infect- 
ed cells results in inhibition of lymphokine-activated killer cells be- 
cause of cell-to-cell spread of virus. J Infect Dis 1993;168:1127-1 132. 

754. York IA, Roop C, Andrews DW, Riddell SR, Graham FL, Johnson DC. 
A cytosolic herpes simplex virus protein inhibits antigen presentation 
to CD8-T lymphocytes. Cell 1994;77:525-535. 

755. Zhang Y, McKnight JLC. Herpes simpex virus type 1 U L 46 and U L 47 
deletion mutants lack VP 1 1 and VP 12 or VP 13 and VP 14, respective- 
ly, and exhibit altered viral thymidine kinase expression. / Virol 
1993;67:1482-1492. 

756. Zipser D, Lipsich L, Kwoh J. Mapping functional domains in the pro- 
moter region of the herpes thymidine kinase gene. Proc Natl Acad Sci 
USA 1981;78:6276-6280. 

757. Zwaagstra JC, Ghiasi H, Slanina SM, Nesbum AB, Wheatly SC, Lil- 
lycrop K, Wood J, Latchman DS, Patel L, Wechsler SL. Activity of 
herpes simplex virus type 1 latency associated trancript in neuron de- 
rived cells: evidence for neuron specificity and for a large LAT tran- 
script. J Virol 1990;64:5019-5028. 

758. Zweig M, Heilman CJ, Hampar B. Identification <5f disulfide-linked 
protein complexes in the nucleocapsid of herpes simplex virus type 2. 
Virology 1979;94:442-450. 



